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Abstract 
Translin and its binding partner protein Translin-associated factor-X (TRAX) have been 
implicated in a diverse range of cellular processes. Translin has been demonstrated to bind 
to both DNA and RNA and appears to be involved in the recognition of specific sequences 
associate with breakpoint junctions of chromosomal translocations linked with the 
development of some human cancers. More recently, Translin and TRAX have been found 
to make a heterocomplex known as C3PO which has been implicated in passenger strand 
removal in the RNAi pathway and tRNA processing. Translin is conserved in the fission 
yeast and in this study we used this facile model system to further investigate the 
biological function of Translin. Initial work confirmed previous findings that demonstrated 
loss of Translin function alone has no measureable negative affect on fission yeast cells. 
However, we addressed the hypothesis that Translin functioned in a redundant pathway 
with the RNAi pathway component Dicer and found that when Dicer and Translin are 
disrupted there are enhanced levels of genome instability which are not due to failures in 
the DNA damage response. Further investigation demonstrated that this was due to an 
enhanced failure in the function of centromeric heterochromatin, which is regulated in part 
by the RNAi pathway. Here we present a model demonstrating that Translin is the key 
regulator of a previously inferred argonaute-dependent, Dicer-independent regulator of 
centromeric heterochromatin function and chromosome stability.  
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Chapter 1 
Introduction  
1.1 Cancer 
One eighth of all worldwide deaths are caused by cancer (Michael et al., 2009). It causes 
more than 100 different types of disease within a wide range of human organs (Michael et 
al., 2009; Jeffords and Irminger-Finger, 2006). Cancer is considered to be a complicated 
set of diseases that are characterised by changes in genome sequences and structure 
(Michael et al., 2009; Hanahan and Weinberg, 2011). A key feature of cancers is the 
uninhibited multiplication of cells (neoplasms), which can invade normal tissue boundaries 
and transfer to distinct organs, establishing secondary tumours in a process called 
metastasis (Michael et al., 2009). Many genes have been implicated in tumorigenesis and 
cancer progression (Futreal et al., 2004), and oncogenic change can occur due to the 
activation of proto-oncogenes or the deactivation of tumour suppressor genes via mutations 
or deletions (Peltomäki, P. 2011; Beerenwinkel et al., 2007; Calasanz and Cigudosa, 
2008).  Over a prolonged period of time, these alterations can result in the unlimited 
proliferation of cells and/or a decrease in level of cell death (Beerenwinkel et al., 2007). 
Some genetic changes can be inherited and cause a predisposition to cancer. Throughout 
the development of malignant tumours, the change from a normal cell to a metastatic 
cancerous cell is characterised by numerous physiological changes that are divided into a 
number of groups, including: avoiding growth suppressors (anti-growth signals), evasion 
of programmed cell death (apoptosis), limitless replicative potential, sustained 
angiogenesis, and lastly, tissue invasion by metastasis (Hannah and Weinberg, 2011). 
Furthermore, defects in DNA metabolism or DNA repair in normal cells are strong factors 
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in causing chromosome instability and the predisposition toward a variety of cancer types, 
for example, bladder, breast, lung, and colon cancers (Bartkova et al., 2005; Harrison et 
al., 2002). 
In addition to intracellular events contributing to DNA damage levels, the alteration of a 
normal cell into a cancerous cell is also caused by changes that occur due to external or 
environmental factors, for example, chemical carcinogens, ionizing radiation (x-rays and 
UV light), viruses, and even chemotherapy (Venkatesan et al., 2006; Ashworth et al.,  
2011). 
1.2 Genomic instability 
Threats to genome stability range from point mutations to gene amplifications, deletions, 
chromosomal rearrangements, and changes in the number of chromosomes, which can lead 
to loss or gain of whole chromosomes (Aguilera and Gomez-Gonzalez, 2008). Therefore, it 
is widely accepted that these abnormalities of number and structure of chromosomes, or 
genetic mutations and epigenetic changes are a hallmark of tumours and are a major force 
in the development of cancer (Gordon et al., 2012; Weberpals et al., 2011; Lord and 
Ashworth, 2012). Chromosome instability arises due to defects in DNA metabolic 
processes, such as DNA replication, telomere maintenance, and/or DNA repair in normal 
cells, all of which protect the genome from changes (Bartkova et al., 2005; Harrison et al., 
2002; Anderson, 2001). If damaged DNA is not repaired  this can eventually lead to 
genomic instability (Lombard et al., 2005). In the case of DNA replication failure, genetic 
recombination can occur, which if mediated via an incorrect partner it can result in 
chromosomal translocations and other larger structural changes. These alterations can 
change cell behavior and cause diseases development (Lord and Ashworth, 2012). 
Maintaining genome stability is fundamentally important for the correct functioning of all 
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cells. Genome instability is also implicated as a primary cause of cellular aging, as 
indicated by the accelerated cellular aging associated with defects in genome maintenance 
programs in a variety of organisms (Faggioli et al. 2011; Burhans et al., 2007).  Cells are 
continually at risk of cytotoxic and/or mutagenic events. Many of these events occur often 
during the lifetime of a cell due to exposure to a variety of stressing agents, which arises 
from both external and internal factors, for example, metabolic byproducts and radiation, 
(Reinhardt and Schumacher, 2012). Specific factors causing genome instability include 
reactive oxygen species, the impaired fidelity of DNA replication and mitotic chromosome 
segregation, defects in DNA repair systems, and the inactivation of cell cycle checkpoints, 
which normally arrest proliferation in response to DNA damage (Kopnin, 2006). In order 
to prevent eukaryotic genome damage, many processes that take place during cell 
proliferation must be tightly controlled and coordinated. The replication of DNA is 
particularly prone to failures despite being a relatively high fidelity process. Therefore, 
many of the abnormalities that can occur in chromosomes arise due to defects in the 
replication of chromosomes (Branzei, 2005; Jones and Peterman, 2012). Correctly 
functioning checkpoints and repair pathways are both necessary to ensure that replicative 
errors are appropriately dealt with. 
1.3 Gross chromosomal rearrangements  
Chromosomal mutations occur as a result of aberrations in the sequences or structure of the 
chromosomes, either with no apparent cause or as a result of exposure to chemicals or 
radiation. Sandberg (1966) examined solid tumours in a number of patients and observed 
that the chromosome structure exhibited abnormalities in almost all types of cancer. Highly 
advanced tumours and malignant discharge were especially associated with substantial 
chromosome aberrations, including hypotetraploid numbers of chromosomes and excessive 
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chromosome restructuring (Nowell, 2007). Chromosomal number alteration in the germ 
cells is also a significant cause of developmental disorders, such as Down’s 
syndrome.There are four main types of genetic structural aberrations, namely, deletions – 
manifested as loss of DNA; duplications – manifested as reproduction of DNA segments; 
inversions – the chromosomes exhibited alterations in the orientation of DNA chain 
segments, without loss of DNA; and chromosomal translocations(Mazumdar, 2007). 
1.4 Chromosomal translocations 
Chromosomal translocations result from the interchange of entire chromosome arms 
between nonhomologous chromosomes by incorrect repair of chromosomal breaks 
including double-strand breaks (DSBs) which are repaired incorrection (Tucker, 2010). In 
some cases, chromosomal translocations can sometimes lead to gene separation, gene 
activation or the development of new genes which incorporate fusion proteins  (Willman 
and Hromas, 2006). Chromosomal translocations are associated with a variety of cancers, 
such as haematologic malignancies and sarcomas (mesenchymal tumors) (Alpan, 2006; 
Rabbitts and Stocks, 2003). The translocation of chromosomes can lead to the generation 
of oncogenes via the activation of proto-oncogenes, by aberrant activation of  expression 
(Agarwal et al., 2006; Rabbitts and Stocks, 2003). The ends of the break might be rejoined, 
but may have additional or missing DNA sequences at the joint (Tucker, 2010). Many 
kinds of cancer are highly associated with chromosomal translocation (Hakim, 2012). 
Translocations and rearrangements are considered central to the creation of tumours but 
their origins are still poorly understood (Hakim, 2012). The translocation between 
chromosome t(9;22)(q34;q11), which is considered to be the first consistent chromosomal 
translocation found in human cancer, results in the Philadelphia chromosome (Stefanachi, 
2012; Calasanz and Cigudosa, 2008). The symbols t(9;22)(q34;q11) indicate a 
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translocation between chromosome 9 and 22 (Fielding, 2011; Mitelman et al., 2007), 
which causes chronic myeloid leukemia (CML) by the creation of a BCR-ABL fusion 
protein (Yeung and Hughes, 2012). 
 Chromosomal translocation can be linked to normal cell processes, such as 
immunoglobulin or T-cell-receptor gene rearrangement (Hakim, 2012), when the 
breakdown of chromosomes occurs inter-chromosomally, instead of as normal intra-
chromosomal translocation. There are two main kinds of chromosomal translocations, 
reciprocal (non-Robertsonian) and Robertsonian (Figure 1.1). In addition, translocations 
can be balanced, having an equal exchange of material with no substantial net gain or loss 
of nuclear DNA, or unbalanced, in which the exchange of chromosome material is not 
reciprocal, resulting in the addition or loss of genes. Reciprocal (non-Robertsonian) 
translocations are frequently an exchange of material between different chromosomes 
(Traversa et al., 2010). These mechanisms have been detected in a variety of tumours, such 
as leukemia and lymphoma, and they have been associated with the etiology of these 
cancers (Gollin, 2007). Nonreciprocal translocation (Robertsonian translocation) represents 
the most common human structural chromosomal abnormalities (Hamerton et al., 
1975).These include breakpoints close to the centromere of two acrocentric chromosomes 
(Traversa et al., 2010). These types of chromosomal translocations are seen most often in 
the acrocentric chromosomes: 13,14,15, 21, or 22.  
In addition, chromosome translocation can occur when the normal replication of the 
chromosome is disturbed (Mirikin and Mirikin, 2007). In humans, yeast, and mice, the 
translocation of chromosomes can happen when the DNA repair process is interrupted 
(Rabbitts and Stocks, 2003). 
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Translin is a protein which has a high  ability to bind to the single-stranded DNA sequence 
motifs 5`-ATGCAG-3` and GCCC(A/T)(G/C)(G/C)(A/T), which flank several major 
breakpoint junctions of chromosomal translocations in several human lymphoid 
neoplasms, including and involving: 1p32, 3q27, 5q31, 8q24, 9q34, 9q34.3, 10q24, 11p13, 
14q11, 14q32, 14q32.1, 17q22, 18q21, 19p13, and 22q11 (Aoki et al., 1995; Kasai et al., 
1992; Kasai et al., 1997). 
 
   
                  A                                                B 
 
 
 
These observations led to the hypothesis that translin may play a role in mediating 
chromosomal rearrangements, including translocation (Gajecka et al., 2006). (see Section 
1.7 for further details). 
Figure 1.1 Reciprocal and non-reciprocal translocation 
A. Reciprocal translocation  
Reciprocal translocation is an exchange of material between two broken chromosome pieces from two non-
homologous chromosomes joining together and creating a new hybrid chromosome. 
B. Non-reciprocal translocation 
A non-reciprocal translocation entails the loss of the short arms by two chromosomes and the fusion of the 
q-arms, which causes two heterologous chromosomes to unite through the process of centric fusion 
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1.5 DNA damage   
Specific DNA repair mechanisms have evolved to repair different types of DNA damage, 
and to maintain genomic integrity (Wu and Yu, 2012). DNA damage can be produced from 
exogenous factors, for example, ionizing radiation (IR), ultraviolet (UV) radiation, (Wu 
and Yu, 2012) and other risk factors, such as chemical carcinogens, or from endogenous 
factors for instances stalled replication forks due to replication stress and byproducts of 
metabolism. These intrinsic and extrinsic factors can take the form of base modifications, 
strand breaks, interstrand cross-links, and other more complex lesions (Ciccia and Elledge, 
2010; Kim, 2012; Hoeijmakers, 2001). Cells have developed a number of defence 
mechanisms, such as DNA repair and cell-cycle check-point processes, in order to 
withstand and cope with DNA damage. 
 
1.6. DNA repair mechanisms 
The genetic information in all living organism has to be preserved and corrected for 
transmission to the next generation (Lans et al., 2012). To maintain genome stability, 
chromosomal DNA is under constant molecular surveillance. To maintain the integrity of 
the genetic information, DNA repair must be a high fidelity process, so a number of repair 
mechanism have evolved to keep genetic changes at a suitably low level (Kim, 2012). It is 
essential for cells to be able to repair DNA damage, which can otherwise lead to a rise in 
cancer incidence as well as multiple metabolic changes(Christmann et al., 2003). Of all the 
forms of DNA damage, DSBs are probably the most hazardous to the integrity of the 
genome (Polo and Jackson, 2011; Jones and Petermann, 2012). However, double-strand 
breaks (DSBs) can have positive results when they develop during certain specialised 
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processes, such as the development of the immune system and homologue fusion in 
meiosis, which require the restructuring of the genome sequence (Wyman and Kanaar, 
2006). 
 Depending on the kind of damage and mechanism involved, there are at least five main, 
partly overlapping damage repair pathways operating in mammals, including base-excision 
repair (BER), nucleotide-excision repair (NER), mismatch repair, homologous 
recombination (HR), and non-homologous DNA end-joining (NHEJ) (Moraes et al., 2012). 
1.6.1 Non-homologous DNA end-joining  
The balancing of DSB repair activities appears to be critical to the genetic stability of cells.  
The two major pathways for the repair of DSBs are non-homologous DNA end-joining 
(NHEJ) and homologous recombination (Lord and Ashworth, 2012). Failure to balance 
homologous recombination and NHEJ pathways and restrict them to the correct cell cycle 
stage leads to the acquisition and persistence of mutations and translocations that can result 
in cell death and consequently to tumourigenesis (Rass et al., 2012; Polo and Jackson 
2011). Elevated levels of repair are essential for viability and can inhibit the apoptotic 
pathway enabling a cell with badly damaged DNA to survive with mutated/mis-repaired 
DNA (Seedhouse et al., 2004). Non-homologous end joining (NHEJ) occurs primarily 
during the G1 phase of the cell cycle. Furthermore, when substantial homology is absent, 
NHEJ connects separated DNA ends, which can cause the development of abnormalities, 
such as an increase or decrease in the number of nucleotides, related to the type of the 
disrupted DNA ends as well as the manner in which they are treated before being joined 
(Lans et al., 2012).  
There are a number of essential proteins which take part in the canonical NHEJ, such as 
the Ku70/Ku80 DSB-binding heterodimer, which creates a ring-like structure particularly 
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around the disrupted DNA ends of chromosomal translocations to prevent their 
deterioration. where binding of DNA ends by KU70/ KU80 arrange the action of others 
repair factors by recruiting the phosphatidylinositol 3-kinase DNA-PKcs/ PRKDC  (Lans 
et al., 2012; Grabarz et al., 2012; Doherty and Jackson, 2001; Smith and Jackson, 1999; 
Walker et al., 2001). Thus, the additional repair proteins are activated when 
ARTEMIS/DCLRE1C nuclease is phosphorylated by the DNA protein kinase catalytic 
subunit, then the DNA ends are joined by the activity of DNA ligase IV and its cofactor 
XRCC4 to seal the break (Kasparek and Humphrey, 2011; Nasiri et al., 2012; Lans, et al 
2012; Martin and MacNeill, 2002).  The loss or addition of a few nucleotides is the main 
drawback of this repair method. Therefore, it is considered error prone (Lans et al., 2012,  
Weterings and David, 2008).  
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Figure 1.2 Non-homologous end joining. 
After the formation of DSBs, Ku70/80 heterodimer associates with the ends of the broken DNA, 
non compatible DNA termini need to be processed by promotes the recruitment of DNA-PKcs and 
Artemis to be ready for ligation by the complex Cernunnos-XLF/XRCC4/Ligase IV complex at the 
final step (adapted from Grabarz et al., 2012). 
13 
 
 
1.6.2 Homologous recombination repair  
Chromosomal DSBs are considered the most severe type of DNA damage (Khanna and 
Jackson, 2001; Zhu et al., 2012) and they can occur spontaneously and may happen as a 
result of external agents, including ionizing radiation, UV radiation, chemicals or 
endogenous agents, such as free radicals or mechanical stress on the chromosome 
(Bordeianu et al., 2011; van Gent et al., 2001; Neale and Keeney, 2006; Shrivastav et al., 
2008; Krogh and Symington, 2004; San Filippo et al., 2008). HR repair can occur in S and 
G2 phases of the cell cycle because it requires a homologous sequence (a sister chromatid) 
as a template to copy the DNA elements. This pathway usually results in error-free repair 
of a DSB (Zhu et al., 2012; Henrique Barreta et al., 2012; Raji and Hartsuik, 2006; 
Shrivastav et al., 2008) therefore, the repair will be accurate if the repair template is 
perfectly homologous (Shrivastav et al., 2008). In cases where the template is not a sister 
chromatin, the repair templates are often not completely homologous, and this can lead to 
non-reciprocal exchange of genetic information from the donor locus to the recipient locus. 
This is a process called gene conversion (Shrivastav et al., 2008; Grabarz et al., 2012). The 
classical DSB repair model for HR is initiated with the nucleolytic resection of the DNA 
DSB ends to generate a single-stranded DNA (ssDNA) overhang with 3' OH ends. In 
mammals, this process of resectioning is mediated by the activities of the heterotrimeric 
MRN complex (in S. pombe Rad32–Rad50–Nbs1) together with CtIP, BLM, EXO1 and 
DNA2 (Fig. 1.3) (Suwaki et al., 2011; Filippo et al., 2008). Consequently, the single-
stranded DNA binding protein RPA (in S. pombe, rad11) coats the 3' tail (Raji and 
Hartsuiker, 2006). Then the resulting 3' ssDNA loads Rad51 and invades a homologous 
duplex and serves as primer for copy synthesis, (Grabarz et al., 2012; Raji and Hartsuiker, 
2006; Krogh and Symington, 2004). RPA is eliminated from ssDNA by the 
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BRCA2/PALB2 complex permitting (Grabarz et al., 2012) ssDNA tails to be coated with 
Rad51 (called Rhp51 in S. pombe). Rad51 plays a central role in all three phases of HR 
strand invasion: presynapsis, synapsis and post-synapsis (Krejci et al., 2012; Akamatsu et 
al., 2007). In the presynaptic phase, Rad51 is loaded at the break of a ssDNA and this 
loading, which depends on RPA, Rad52, BRCA2 and the Rad51 paralogs, results in 
nucleate formation of a nucleoprotein filament (Krejci et al., 2012; Suwaki et al., 2011). In 
the synaptic phase a heteroduplex, displacement DNA (D-loop) is generated by a physical 
association between the invading DNA strand and homologous duplex DNA template; in a 
process called strand invasion, which is stimulated by the interaction between Rad51 and 
Rad52 (Figure 1.3) (Krejci et al., 2012; Suwaki et al., 2011; Filippo et al., 2008). After 
that, and during the post-synaptic phase, extension of D-loop generates a double Holliday 
junction (dHJ) by Rad52 meditation, where, the 3' single-stranded end is used as a primer 
for DNA synthesis to recover any missing DNA sequences because the removal of Rad51 
gives DNA polymerases access to start the DNA synthesis reaction repair (Tan et al., 2003; 
Krejci et al., 2012; Suwaki et al; Svendsen and  Harper, 2010). HJ branch migration is 
produced  by Rad54,  then HJ resolution is mediated by GEN1 or the SLX1/4 complex or 
the Mus81-Eme1complex, and produce crossover or non-crossover. Furthermore, the 
another pathway by HJ dissolution is mediated by Sgs1/Top3 helicase–topoisomerase 
complex (BLM/TOP3a in mammals) (Suwaki et al ; Svendsen and  Harper, 2010). 
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Figure 1.3 Schematic diagram of a double for DSB repair through homologous recombination. 
The broken ends are recognised and processed by the activities of the MRE11–RAD50–NBS1 complex and 
CtIP to make single-stranded 3′overhangs. The resection is extended by additional helicase/nuclease 
activities including EXOI, BLM and DNA2. This process exposes ssDNA tails. Loading RAD51 on single-
stranded DNA tails generated Rad51-ssDNA filament. The process of RAD51 loading depends on RPA, 
RAD52, BRCA2 and the RAD51 paralogs. This resulting undamaged homologous DNA sequence, which 
acts as a template DNA for DNA synthesis repair, is recognised and aligned by the formed Rad51 
nucleoprotein filament. Next, a strand invasion Holliday junction (HJ) is formed by RAD52 meditation. HJ 
branch migration is promoted by RAD54. Then HJ resolution is provided by GEN1 or the SLX1/4 or the 
Mus81-Eme1complex, and rejoining occurs with the formation of recombined DNA molecules. On the other 
hand, HJ desolution can be promoted by a BLM/TOP3 complex that leads to non-crossover products 
(adapted from Suwaki et al., 2011). 
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1.7. Translin and TRAX 
 
Translin is a highly conserved protein in eukaryotes, including humans (Jaendling and 
McFarlane, 2010). It is a recently identified nucleic acid binding protein that appears to be 
involved in the recognition of specific consensus sequences and repeated single-stranded 
microsatellite (GT) DNA and it associates with breakpoint junctions of some chromosomal 
translocations linked to the development of some human cancers, such as leukemia (Aoki 
et al., 1995; Laufman et al., 2005). Translin forms an octameric toroid (Figure 1.4) and has 
been postulated to be involved in diverse biological processes for example, DNA repair, 
regulation of cell growth, mRNA processing (Tian, 2011; Jaendling et al., 2008; Ksai et 
al., 2004), recombination (Aoki et al., 1995),   and/or telomere stability (Jacob et al., 2004) 
by tightly binding to a single-stranded DNA or RNA (Tian, 2011). Under specific 
conditions, Translin has been found to localize inside the nucleus (Tian, 2011). Translin 
can also bind to G-rich DNA and single-stranded RNA sequences (Aoki et al., 1995; 
Laufman et al., 2005). In addition, it has a strong ability to bind to d(GT) and 
d(TTAGGG)n repeats which has been proposed to facilitate a role in recombination repair 
of microsatellites and telomeres (Laufman et al., 2005; Yu and Hecht, 2008) although no 
conclusive proof of this has been demonstrated. Translin binding sequences have also been 
identified in other cancer-associated translocation breakpoints (Wei et al., 2003; Kanoe et 
al., 1999; Hosaka et al., 2000; Atlas et al., 1998; Abeysinghe et al., 2003) (see section 
1.7.2). Chromosomal translocations cause many genetic changes commonly found in 
human neoplasms and are also associated with carcinogenesis (Weinstock et al., 2006; 
Aplan, 2006). Thus, it was hypothesized that Translin might be involved in mediating 
chromosomal rearrangements, including translocations (Gajecka et al., 2006; Gajecka et 
al., 2006). Translin is the human orthologue of mouse testis-brain-RNA binding protein 
(TB-RBP) (Wu et al., 1997). TB-RBP/ Translin also binds to DNA sequences found in 
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meiotic recombination hot spots, potentially implicating it in broader functional roles 
(Pascal et al., 2001).  
Trax, a Translin binding protein, first characterized as a Translin-like protein, was 
identified by yeast two hybrid assays (Aoki et al., 1997) and by co-immunoprecipitation 
(Wu et al., 1999). It has homology to Translin, but no intrinsic DNA binding activity (Aoki 
et al., 1997). Trax has been associated with a structure known as ‘leucine zipper’, due to 
the fact that it is composed of a bipartite nuclear targeting motif and a heptad repeat of 
water repellent amino acids. This composition has been argued to play a significant role in 
the development of Trax homodimers or heterodimers with Translin  (Aoki et al., 1997). 
As for Translin, the biological function of Trax is unclear although recent work has 
implicated both in RNAi and tRNA processing (see below; Li et al., 2012; Liu et al., 
2009). However, in the mouse Translin and Trax form DNA/RNA binding complexes 
isolated from the testes, suggesting they act at some stage of spermatogenesis (Wu et al., 
1999).  
There are some studies that have suggested that Translin and Trax have a role in RNA 
metabolism and, Translin and Trax have recently been implicated in the RNA interference 
(RNAi) pathway and tRNA processing (see below). Some studies have indicated that 
Translin functions as an RNA binding protein that selectively identifies many meiotically 
expressed mRNAs and a non-coding RNA (Cho et al, 2005). 
Furthermore, in fission yeast Translin has been linked to the regulation of RNA 
metabolism, rather than DNA metabolism because of the higher affinities of Translin for 
RNA [GU]n and [GUU]n repeats (Laufman et al., 2005). In addition to this, in brain and 
testis, Translin has been implicated in mRNA transport and/or stabilization and regulation 
of mRNA translation by its ability to bind to Y- and H-sequence of 39 untranslated regions 
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(UTRs) of target mRNA (Jaendling and McFarlane, 2010; Yu and Hecht 2008).  Translin 
has also been reported to potentially stabilise a specific miRNA in germ cells (Yu and 
Hecht, 2008). 
Translin and Trax has are primarily in the nuclei and in mouse neuronal dendrites, and they 
may have a role in neuronal function and development (Millar et al., 2000; Muddashetty et 
al., 2002). One of the interestingly roles of Translin and Trax in neurons cells is the ability 
of them to target mRNA of Brain-derived neurotrophic factor, BDNF, in its exon that 
contains a specific Translin/Trax-binding region. Mutation of the binding site of Translin 
and Trax within BDNF has been linked to human neurological disorders (Jaendling and 
McFarlane, 2010) this demonstrates a function for Translin and Trax in nervous system 
function and development (Jaendling and McFarlane, 2010; Millar et al., 2000). 
Recent biochemical analysis has shown that Drosophila Translin and Trax dimer make a 
ribonuclease activity complex called C3PO (component 3 promoter of RISC), where both 
of them are essential for the whole activity of RNA-induced silencing complex (RISC) and 
they have been considered as a crucial of the RNAi machinery (see below for further 
details of RNAi patways) (Liu et al., 2009; Tian et al., 2011). The C3PO complex is Mg2+- 
dependent endonuclease and activates RISC by  facilitating endonucleolytic cleavage  of 
the passenger strand of the duplex siRNA, in addition to elimination of cleaved passenger 
strand, this process allows the guide strand to  target  cognate mRNA through Ago2   (Ye, 
2011; Tian, 2011; Liu et al., 2009).  More recently, Translin and Trax have been 
implicated in tRNA processing, and it is proposed that this link to such a fundamental 
component of gene expression accounts for the apparent varied biological functions of 
Translin and Trax (Li et al., 2012). 
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Figure 1.4 Electron micrograph of the Human Translin Protein in octameric toroidal form. 
A. An electronic microscope image of native Translin. 
In its original state, Translin is a circular octamer. The preparation of the recombinant Translin was 
carried out on a thin carbon film applied to a mesh copper grid and begatively stained with 
potassium phosphotungstate.(Kasai et al., 1997). 
 
B. Octameric Translin picture (a) magnified-scale, bar is 1000Å and (b) electron microscope 
structure reconstructions of Translin. 
Adapted from (VanLoock et al., 2001).  
 
B
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1.7.1  Translin role in mitosis 
During the course of studies comparing basal expression levels of various proteins during 
mitotic cell division, it was shown that there is link between   the rate of cell proliferation 
and Translin levels (Ishida et al., 2002). 
Translin expression was found to be periodic during the cell cycle; Translin synthesis 
starting in S phase and becoming maximal during the G2/M phase, (Ishida et al., 2002). 
Maximal expression during S and mitosis phases suggesting functions in the replication of 
chromosomal DNA or cell division control (Ishida et al., 2002). 
Translin localization was analysed by confocal microscopy (Figure 1.5) which revealed a 
dispersed distribution of Translin in the cytosol. At prophase Translin was detected on 
spindle poles (centrosomes) which have also been observed in Xenopus oocytes (Reviewed 
in Ishida et al., 2002). When the cells entered mitosis, Translin was seen on the astral 
microtubules, which radiate in all directions from the centrosomes at 
prometaphase/metaphase. This suggests a significant function of Translin in cell division 
can be attributing to acceleration of microtubule organization and chromosome separation 
through mitosis (Ishida et al., 2002). 
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Figure 1.5 Translin localization to the centrosomes. 
Translin localizes to the centrosomes bipolar mitotic spindles and midzone. HeLa cells at prophase, 
prometaphase, metaphase and anaphase/telophase were stained Hoechst 33258 for the nucleus 
(blue), FITC anti-α-tubulin (green), and anti-Translin followed by goat anti-rabbit IgG-TRITC 
(red). Localization of tubulin and Translin was examined by confocal laser scanning microscopy as 
described previously (Figure from Ishida et al., 2002). 
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1.7.2 Translin and chromosomal breakpoints 
Some studies have suggested that Translin and Trax form a complex (for example, Ye et 
al., 2011; Tian et al., 2011). This complex has been proposed to be involved in various 
biological processes, such as RNA metabolism, the regulation of genome stability, and 
carcinogenesis. The exact biological function of the complex remained to be fully 
elucidated (Tian et al., 2011) although the finding of a role in tRNA processing is a 
significant step forward (Li et al., 2012). As mentioned in the previous section, human 
Translin has a higher and more specific affinity for binding consensus sequences at the 
breakpoint junction of tumours (Chalk et al., 1997; Hosaka et al., 2000). In a study by 
Jacob et al. (2004), it was reported that human Translin had strong affinities for the single-
stranded overhangs of microsatellite repeats [d(GT)n) and G-strand telomeric repeats 
(d(TTAGGG)n] than for lymphoid cancer-associated translocation Bcl-CL1 consensus 
sequences. The microsatellite repeats of d(GT)n and d(AC)n are related to recombined 
hotspots (Majewski and Ott, 2000).  Therefore, Translin may play a role in recombination 
at microsatellites, where single-stranded d(GT)n microsatellite overhangs are the 
intermediates of recombination.  These microsatellite repeats might be related to the 
susceptibility genes for several human diseases, such as allergies, schizophrenia, and colon 
cancer (Tamura et al., 2001; Itokawa et al., 2003; Komarova et al., 2002; Hirai et al., 
2003). So far, it is not clear if a mutation in the Translin gene has a relationship with 
carcinogenesis. The specific chromosome rearrangement t(12;16)(q13;p11) creates genetic 
fusion of the TLS and CHOP genes in myxoid liposarcomas, resulting in the transcriptional 
abnormality of these two genes (Wie et al., 2003).  Translin recognition sites were found in 
10 out of 11 liposarcomas, with TLS-CHOP fusion genes being investigated (Hosaka et al., 
2000).  
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1.8 Chromatin  
Within a eukaryotic cell the genetic material is organised in long DNA molecules which 
are associated with a number of highly conserved proteins; these macro molecules are 
modified in a variety of ways to form an organised and dynamic structure called 
chromatin. This complex supports and controls crucial genome functions (Fischle  et al., 
2003; Ehrenhofer-Murray, 2004). The fundamental component of chromatin is a repeating 
unit nucleosome comprised of 147 base pairs of DNA which are on the outer surface of a 
core of eight proteins (Goto and Nakayama, 2012). This complex is comprised of two 
copies each of the core histone proteins H2A, H2B, H3 and H4. The nucleosomes are 
linked to each other for the purposes of stabilizing the complex of nucleoproteins by linker 
DNA which is bound by histone H1 (Szerlong and Hansen, 2011; Olsson and Bjerlin, 
2011; Jansen and Verstrepen, 2011). Silencing or expression of genes is dependent on the 
chromatin state whereby, histones have a charged NH2- terminus, known as the histone 
tail, which is targeted by enzymes responsible for chromatin modification (Jenuwein and 
Allis, 2001). The histone tails are linked to the regulation of chromatin by post 
translational Modified such as methylation of H3 residues (K4, K9, K27, K36 and K79) 
and K20 of H4, this process of methylation can either mark  chromatin as transcriptionally 
active or inactive, dependent on  the modified lysine residue (Martin and Zhang, 2005). 
Chromatin packaging and accurate regulation are thus very important. The arrangement of 
different states of chromatin in distinct temporal patterns requires the involvement of a 
large number of factors and processes. Depending on the cell conditions chromatin can be 
susceptible to different factors for distinct genetic processes (Olsson and Bjerling, 2011); 
For example, errors of oncogene and tumour suppressor gene expression resulting from the 
lack of regulation of chromatin lead to cancer.  
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There are two types of chromatin (Fig 1.6). Transcriptionally active chromatin is called 
euchromatin, which is less-condensed and more open enabling gene expression; it is 
generally associated with acetylation of histones H3 and H4. In contrast, the second type, 
heterochromatin, is characterised by hypoacetylation and methylation of histone H3 at 
H3K9, which is considered to be a key modification required for heterochromatin 
formation by binding to heterochromatin protein 1 (HP1) (Olsson and Bjerling, 2011; 
Gerace et al., 2010). 
 
Figure 1.6 Heterochromatin and Euchromatin.  
Heterochromatin is the firmly packed "closed" form of chromatin, associated with gene repressed 
through a mechanism like histone methylation, acetylation or siRNA during RNAi. Activation of 
chromatin by enzymes which can acetylate, phosphorylate or methylate histone tails, lead to more 
"open" form which allows genes to be expressed (Adcock et al., 2006). 
25 
 
 
 
Heterochromatin is highly condensed, and is transcriptionally inactive. The opening of 
chromatin in euchromatin regions occurs through a specific co-activator complex which 
has enzymes that have the ability to effect acetylation, phosphorylation, or methylation of 
histone tails. In addition to its regulating roles, chromatin is implicated in the response of 
the cellular to DNA damage, particularly DSBs (Peng and  Karpen, 2009). 
1.8.1 Euchromatin and heterochromatin functions. 
The formation and mechanism of heterochromatin appears to be conserved from yeast to 
mammals (Goto and Nakayama, 2012). Heterochromatin has at least two roles. The first 
role is to silences genes in repetitive DNA sequences (Fukagawa et al., 2004). The second 
role is necessary for the normal function of specific genomic regions such as centromeres, 
telomeres and rDNA, which in the majority of eukaryotes, are heterochromatic in nature. 
The sequence of centromeric and telomeric DNA is generally not conserved but comprised 
of repetitive sequences, pieces of transposons, and very few genes (Djupedal and Ekwall, 
2009). Centromeres are embedded in heterochromatin which is necessary for their normal 
function, and so it is required for the segregation of chromosomes. Heterochromatin is also 
required for the protection of telomeric integrity at the end of the chromosome (Djupedal 
and Ekwall 2009; Fukagawa et al., 2004; Goto and Nakayama, 2012). In addition, 
heterochromatin plays a crucial function in protecting the genome from DNA elements 
such as transposons, which are repressed by heterochromatin (Djupedal and Ekwall 2009). 
In S. pombe, the centromere consist of inverted repetitive sequences which are necessary to 
generate small interfering RNAs (which will be discussed in greater detail later on), which 
make a specific guide for targeting heterochromatin. Furthermore, reporter genes that are 
placed inside or near the heterochromatin sites are generally associated with gene 
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expression silencing (Cam et al., 2005; Grewal and Jia, 2008; Yasuhara and Wakimoto, 
2006). 
In several eukaryotes, including S. pombe, heterochromatin formation is promoted by 
hypoacetylation and hypermethylation of histone H3 at lysine 9 (Grewal and Elgin, 2002). 
Mutations in proteins that regulate heterochromatin result in defects in heterochromatin 
assembly and this can cause dysfunction of genome stability regulation (Grewal and Jia, 
2008; Shimada and Murakami, 2010). 
1.9 Centromeres 
Centromeres are specialised regions of chromosomes on which the kinetochore, a complex 
of nucleoproteins, is assembled. The centromeres ensure the regulation and maintenance of 
sister chromatin attachment, and accurate and proper segregation of replicated genetic 
material through the processes of mitosis and meiosis (Ekwall et al., 1999). Thus the sister 
kinetochores form the attachment sites for capturing the spindle microtubules and directing 
chromosomal movement to the spindle poles (Shiroiwa et al., 2011). Therefore, any defect 
in the role of centromeres leads to mis-segregation by loss or gain of the chromosomes, 
and that is implicated in genetic diseases and tumours (Ekwall et al., 1999). The three 
centromeres of S. pombe are large and complex (Fig. 1.7). They span approximately 35-
110 kb (Shiroiwa et al., 2011), and are comprised of central parts of unique non-repetitive 
DNA (cnt) sequences that are surrounded by two inverted inner repeats most (imr) which 
share identical sequences within a centromere, but differ between the three centromere. 
These are additionally flanked by the outer repeats (otr) (Fig. 1.7) (Goto and Nakayama, 
2012; Smirnova and McFarlane, 2002). Inserting a gene within any region of the S. pombe 
centromeres leads to transcriptional repression. The centromeres of S. pombe have 
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considerable similarities to those of high eukaryotic cells, and S. pombe provides an 
excellent model system for studying the function of centromeres (Ekwall et al., 1999). 
 
Figure 1.7 The centromere regions of the three S. pombe chromosomes are arranged in a similar 
way. 
Every centromere comprised of a central core (cnt) which is surrounded inner most repeats (imrs) 
which in turn are surrounded by outer inverted repeat regions (otr). The otrs have multiple copies 
of dg and dh repeat sequences. The centromeres differ in the number of repeated sequences (Goto 
and Nakayama, 2012). It is from these otrs that the majority of transcription of centromeres are 
initiated (Martienssen, 2011). 
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1.9.1 Role of the tRNA genes as a chromatin barrier 
The centromere region of the chromosomes of eukaryotic organisms is heterochromatic in 
form and plays an important role in faithful segregation (Grewal and Elgin, 2002; 
Takahashi et al., 1991; Kuhn et al., 1991). The heterochromatin in S. pombe and several 
other eukaryotes cells is created by hypoacetylation and hypermethylation of histone H3 at 
lysine 9 (Grewal and Elgin, 2002). The spreading of heterochromatin is restricted by 
moderately repetitive DNA sequences known as chromatin insulators (Raab et al., 2011; 
Sun and Elgin, 1999). Chromatin barriers prevent the spread of pericentromeric 
heterochromatin from invading active domains; therefore, the absence of this barrier leads 
to defects in chromosome separation, indicating that it is needed by the centromere so it 
can play an accurate role (McFarlane and Whitehall, 2009; Scott et al., 2007). The 
centromere regions of the fission yeast S. pombe have a high-density distribution of tRNA 
genes, either individually or in tiny clusters, which are located between the 
heterochromatin and euchromatin domains where they block the extension of 
heterochromatin in yeast (White, 2011; Iwasaki et al., 2010; Haldar and Kamakaka, 2006). 
The tRNA gene is transcribed by the transcription factors TFIIIB and TFIIIC along with 
RNA pol III (RNA polymerase III is essential for the transcription of eukaryotic tRNA 
genes) (Raab et al., 2011; Takahashi et al., 1991; Kuhn et al., 1991). The transcriptional 
potential of the tRNA genes is vital for the insulator role in which the mutation in tRNA 
promoter sequences is critical for barrier function; mutations in the tRNA promoter 
elements or in the factors that bind the promoter eliminate or diminish insulator activity 
(Scott et al., 2007; Oki and Kamakaka, 2005). cen1 in S. pombe relies on an undamaged 
tRNAAla gene (cen1 tRNAAla), where it blocks the extension of heterochromatin and allows 
the ura4+ reporter gene expression, which is situated near the centromere (Scott et al., 
2006). 
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1.10 RNAi 
RNA is one of the building blocks of life; it is not just important for translation of genetic 
information to proteins, but it regulates expression of genes (Meister and Tuschl, 2004). A 
wide variety of eukaryotic organisms have pathways that implicate RNA as a trigger to 
regulate numerous cellular processes. For example, small interfering RNAs (siRNAs), 
which are a type of double-stranded RNA vary in length between 21 and 30 nucleotides, 
plays an important role in gene expression and/or modification of chromatin (Bayne et al., 
2010). This generates transcriptionally inactive chromatin, including the formation of 
heterochromatin (Bühler and Moazed, 2006). siRNAs also regulate gene expression  by a 
variety of routes  such as targeting mRNA degradation, inhibition of translation, and 
methylation of histones (Czech and Hannon, 2010), it also  protects a cell from invading 
RNA viruses, and represses selfish genomic sequences such as transposons (Kawamata and 
Tomari, 2010; Meister and Tuschl, 2004; Carthew and Sontheimer, 2009). In addition, in 
S. pombe mating–type loci and telomeric sequences with homology to centromeric outer 
repeats use components of the siRNA pathway for generation heterochromatin (Bayne et 
al., 2010). Centromeric siRNAs are either generated internally  during S phase where RNA 
polymerase II in S. pombe transcribes the outer repeat elements from both DNA strands to 
double-strand RNA (dsRNA) (Djupedal and Ekwall 2009; Lejeune and  Allshire, 2011), or 
for other regions they are exogenous (e.g., from viral replication) (Wolfswinkel and 
Ketting, 2010; Bayne, et al., 2010). These dsRNAs are simultaneously processed to 
siRNAs of 21-30 nucleotides through slicing by Dicer1, a member of the RNaseIII family 
of ribonucleases (Colmenares et al., 2007; Bühler and Moazed, 2006; Grewal and Jia 2007; 
Matzke and Birchler, 2005; Reyes-Turcu and Grewal, 2012). Then these siRNAs, which 
are cognate to repeat sequences located at places of heterochromatin formation, are loaded 
onto a silencing effector complex such as RISC (RNA-induced silencing complex) 
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(Matzke and  Birchler, 2005). RISC contains some effector proteins like argonaute, which 
has the ability to slice endogenous message by its endonuclease domain and is responsible 
for guiding siRNA to cognate sequences for inactivation. After the loading of siRNA 
duplexes into RISC and successful processing annealing of siRNA to its target RNAs, the 
double- strand of siRNA is separated, so one strand-called the passenger strand, will be 
discarded and the other strand will be retained to guide the RISC complex to its target 
mRNA (Kawamata and Tomari, 2010; Volpe and Martienssen, 2011; Malone and Hannon, 
2009). A Trax and Translin heterodimer known as C3PO has been implicated in removing 
the passenger strand (Liu et al., 2009) in Drosophila. In addition, siRNAs  act like primers 
for an enzyme known as an RNA-dependent RNA polymerase (RdRP), which is 
implicated in the synthesis of new small interfering RNAs (siRNA) in some organisms by 
using the targeted complementary RNA to generate further dsRNA sequences (Figure 1.8)  
(Volpe and Martienssen, 2011). Chromatin can therefore be targeted by base-pairing in 
RISC through the interaction of siRNA with H3K9 methylated nucleosomes (Verdel et al., 
2004), which leads to repression of the homologous gene either by post-transcriptional or 
transcriptional-based mechanisms (Lejeune and Allshire, 2011). This leads to the 
recruitment of an enzyme called Clr4, which is a histone lysine methyltransferase that is 
required for histone H3K9 methylation (Lejeune and Allshire, 2011; Reyes-Turcu and 
Grewal, 2012). The capability of Clr4 to modify the H3K9 by methylation is pivotal for 
distribution of heterochromatin (Reyes-Turcu and Grewal, 2012). Subsequently, the 
modified form of H3-K9 recruits a chromodomain protein called Swi6 (the fission-yeast 
HP1 homologue) to bind to the methylated lysines, which reduces transcriptionlly ability 
and initiates distribution of the silent chromatin (Malone and Hannon, 2009; Martin and 
Zhang, 2005) (Figure 1.8). 
31 
 
 
 
Figure 1.8 The epigenetic silencing mechanism in S. pombe. 
Heterochromatin DNA (black line) surrounded nucleosomes (blue circle). Histone H3 lysine 9 
methylation (H3K9me; red circles “m”) is methylated. The activated RNAi-induced transcriptional 
silencing RITS complex target the nascent transcript which is produced by RNA polymerase II.  
RITS  interacts with H3K9me by  the Chp1 subunit. New dsRNA from the transcripts is synthesis 
by RDRC. Then Dcr1 slices it to siRNAs. This siRNAs are cleaved into single-stranded siRNAs 
and load again into RITS complex. Then the Clr4 is recruited for dispersal of gene silencing into 
nearby regions. (Adapted from Goto and Nakayama, 2012). 
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1.11 Swi6 function in heterochromatin 
The chromatin status is related to the hyperacetylation of histones, in particular to the Lys-
9, Lys-14 and Lys-4 of histone H3. In contrast, the hypoacetylation of H3 at Lys-9 and 
Lys-14 by histone deacetylases Clr3, Clr6 and Sir2, results in H3-Lys-9 methylation by the 
histone methyltransferase Clr4 (Haldar et al., 2011). Methylation of H3-Lys-9 is initiated 
by RITS (see Section 1.10 for further details). Where, H3K9me recruits the 
heterochromatin protein Swi6 (HP1), which results in the suppressed transcription of the 
gene in the pericentromeric heterochromatin. More Clr4 methylase is recruited by Swi6 for 
histone methylation extension and additional Swi6 (HP1) binding until it reaches boundary 
regions (Li et al., 2011; Chinen et al., 2010). Swi6 has an important function in the 
function of the centromeres and correct chromosome separation, so deletion of  Swi6 in 
cells leads to missegregation of chromosomes during anaphase and a higher rate of 
chromosome loss (Keller et al., 2012; Hayashi et al., 2009). Interestingly, in addition to its 
function in facilitating accuracy in the centromeric function, Keller et al. (2012) in their 
recent study of S. pombe, demonstrated that Swi6 suppresses heterochromatic genes by 
removing captured heterochromatic transcripts and guiding heterochromatic mRNAs to 
final degradation (Figure 1.9). 
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Figure 1.9  
The image shows the changed state of HP1Swi6 between free HP1Swi6 (A) and H3K9me-bound (B).  
(C) Heterochromatin is transcribed by RNA polymerase; however, the heterochromatic transcripts 
are captured by HP1Swi6 and taken to Cid14 (Poly [A] RNA polymerase), which is needed in 
polyadenylation for the destruction of the heterochromatin RNA transcript (adapted from Ren et 
al., 2012). 
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1.11 S.  pombe as a model eukaryote 
S. pombe is an African brewing yeast, which was originally isolated from millet beer and 
named by Lindner and then developed as an experimental model by Urs Leupold in the 
1950s (Nurse, 2002). In 2002, the genome of S. pombe, which contains around 5000 genes 
was fully sequenced (Wood et al., 2002). The genome size is approximately 13.8 Mb, 
distributed among just three chromosomes, 3.5, 4.6 and 5.7 Mb in size (Wood et al., 2002).  
There are many reasons why S. pombe is a popular model organism for researchers. The 
primary reason is that it is facile and genetically tractable. It also exists in the haploid state 
in normal growth conditions and gene manipulation techniques are widely used (for 
example, see Bahler et al., 1998). In addition, it has a relatively short doubling time of only 
two to four hours. S. pombe has also recently become an excellent tool for the studying of 
the epigenetic and RNAi. S. pombe has a single copy of every one of the major genes of 
RNAi, which is crucial for transcriptionally repressed chromatin assembly and regulation 
sited at centromeres, mating type loci and telomeres these genes are not found in 
Saccharomyces cerevisiae (Martienssen et al., 2005). We aimed in this study if Translin 
has redundunat pathwy with Dicer or Argonaute and their function in centromeric 
heterochromatin, and genom stability, and investigate any role for the double mutants of 
Translin and Dicer or Translin and argonaute in DNA damage. 
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Chapter 2  
Materials and Methods 
2.1 Yeast meiotic crosses 
Samples of 2.5 x 107 S. pombe cells of opposite mating type (h+ and h-) were cultured in 
standard full media in 5 ml yeast-extract liquid (YEL), which was supplemented with 
100 μg/ml adenine, uracil, leucine, and then mixed in a 1.5 ml Eppendorf microcentrifuge 
tube in equal volumes of approximately 750 µl for each strain. The cells were subjected to 
microcentrifugation and the supernatant was aspirated. The pellet was rewashed with 1 ml 
of sterile distilled water then spun down again; then all the pellets were resuspended in 50 
µl of distilled sterile water then spotted on SPA and incubated for 3-4 days. Asci and 
unmated cells were scrapped from each spot into 1 ml of 0.6% β-glucuronidase (Sigma) 
solution in an Eppendorf tube. The suspension was mixed and incubated for 16 hours at 
25°C to release spores from the asci and to kill vegetative cells, then ethanol was added to 
30% and the suspension was incubated at room temperature for not more than 5 minutes. 
The spores were spun down for 1 min in an Eppendorf microcentrifuge, the supernatant 
was removed and the cell pellets were resuspended in 1 ml of distilled sterile water. 
Dilutions were plated on the suitable media (YEA) to allow growth of viable spores. Plates 
were incubated for 3 days at 33°C, and colonies were replica plated onto selective media as 
required.  
2.2 Iodine staining for mating–type test 
S. pombe cells of the opposite mating type (h+ and h-) that produce spores have a starchlike 
compound not found in vegetative cells when grow in fully supplemented sporulation 
media (SPA) after incubation for 3 days, after that the plates esposure to iodine so 
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materials that have spores change to black (positive iodine reaction) after a 5 minute 
exposure to iodine vapour. Material containing only vegetative cells turn yellow (negative 
iodine reaction). 
2.3 Cell lysis and S. pombe genomic DNA extraction  
A single colony was picked and inoculated into 5 mls of yeast extract liquid (YEL) and 
incubated overnight (16 hours) or until saturated in shaking incubator. The temperature 
was optimised at 33°C. The cells were collected at 4,000 r.p.m  the pellets were washed 
with 1 ml of distilled sterile H2O, then the pellet was resuspended in 200 µl of lysis buffer 
and 0.3 g of sterile acid washed beads were added. Then 100 µl of phenol-chloroform (1:1) 
were added. This was then vortexed 3 times for 30 seconds, briefly incubating on ice 
between each vortex, and then spun down for 12 minutes at 13,000 r.p.m. The upper layer 
was then removed and DNA was precipitated by adding 1 ml 100% ethanol, and then the 
ethanol was aspirated off and the pellet was air dried (10-15 minutes). The pellet was 
washed once using a solution of 70% ethanol. The pellet was then resuspended 100 µl TE 
(10 mM Tris-HCL [pH 7.5] and 1 mM EDTA [pH 8.0]). 
2.4 DNA purification using phenol chloroform 
An equal volume (1:1) of PC (phenol/chloroform) with 0.1 M NaCl was added to the DNA 
solution, mixed well, and spun in a microfuge at 13,000 r.p.m. at room temperature for 15 
min. The top (aqueous) layer that contained the DNA was moved to new a Eppendorf tube. 
Three volumes of cold ethanol 100% was added. This was gently mixed and put in at -20°C 
overnight or in -80°C for 1 hour for DNA precipitation, and then the DNA was microfuged 
at 13,000 r.p.m.  for 15 minutes. The DNA pellet was washed carefully at room 
temperature in 1 ml 70% ethanol and spun down at 13,000 r.p.m. in microcentrifuge. The 
supernatant was removed and then the pellet was air dried at room temperature. The pellet 
was then dissolved in TE buffer pH 8.0. 
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2.5 Media recipes 
The media used in this project was mostly obtained from Difco (Becton Dickinson) and 
Sigma. Extracts used were full media yeast extract (YE), synthetic Edinburgh minimal 
medium 2 (EMM2), and the sporulation media malt extract (ME). The appropriate 
nucleotide amino acid and supplement were added to a final concentration of 200 mg/l.  
Table 1 Table 2.1 Media recipes 
1. YEA 
Yeast Extract 
Glucose 
Agar 
1 LITRE 
5 g 
30 g 
14 g 
2. YEA with Geneticin  
YEA 
Geneticin (50 mg/ml stock solution) 
 
500 ml 
1 ml 
500 mg geneticin was dissolved in 10 ml sterile distilled water for stock solution.  
The YEA+ Geneticin media was wrapped in aluminium foil and stored at 4ºC. 
3. SPA 
Glucose 
KH2PO4 
Agar 
*Vitamins (x1000) 
500 ml 
5 g 
0.5 g 
15 g 
0.5 ml 
1 ml 1000 x Vitamins  in every 500 ml *Added  after autoclaving media 
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4. EMM2 
Potassium Hydrogen Phalate 
Na2HP04  
NH4Cl 
Glucose 
*Vitamins (x1000) 
*Minerals (x 10,000) 
*Salts (x50) 
Agar 
*To add after autoclaving media 
1 LITRE 
3 g 
2.2 g 
5 g 
20 g 
1 ml 
0.1 ml 
20 ml 
14 g 
 
5. SALTS x 50 
MgCl2.6H2O 
CaCl2.2H2O 
KCl 
Na2SO4 
500 ml 
26.25 mg 
0.3675 g 
25 g 
1 g 
6. VITAMINE X 1000 
Pantothenic acid 
Nicotinic acid 
Myo-inositol 
Biotin  
500 ml 
0.5 g 
5 g 
5 g 
5 mg 
7. MINERALS X 10,000 
Boric acid 
MnSO4.7H2O 
FeCl2.6H2O 
500 ml 
2.5 g 
2 g 
1 g 
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KI 
Molybdic acid 
CuSO4 
Citric acid 
0.5 g 
0.2 g 
0.2 g 
5 g 
*After autoclaving add a few drops of 1:1:2 chlorobenzene/ dichloroethane/ 
chlorobutane 
8. NITROGEN BASE AGAR (NBA) 
Nitrogen base 
Glucose 
(NH4)2 SO4 
Agar 
1 LITRE 
1.7 g 
10 g 
5 g 
24 g 
 
9. 100 X DENHARDT’S SOLUTION 
Polyvinylpyrrolidone (MW40,000) 
Bovine Serum Albumin 
Ficoll 400 
 
50 ml 
1 g 
1 g 
1 g 
 
10. 20 X SSC 
3 M NaCl 
0.3 M Sodium Citrate Dihydrate 
 
1 LITRE 
175.35 g 
88.23 g 
 
11. 20 X SSPE 
3M NaCl 
0.2 M NaH2PO4-H20 27 
 
1 LITRE 
175.3 g 
6 g 
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0.02 M EDTA-Na (0.5 M stock solution) 
Distilled water 
Adjust pH to 7.4 with NaOH 
Add distilled water to make 1 litre 
40 ml 
800 ml 
 
 
12. LB Broth. 
Bacto-tryptone 
Yeast extract  
Na Cl 
1 LITRE 
10 g 
5 g 
10 g 
13. Drugs 
5-FOA (300 and 400ug/ml) 
TBZ (15ug/ml) 
MMS (0.0025, 0.005, 0.0075%) 
Mitomycin C (0.15mM)  
Phleomycin (1, 2.5, 5, 10ug/ml) 
Hydroxyl urea (3, 5, 10mM) 
 
 
 
  
 (300 and 400ug/ml) 
 (15ug/ml) 
 (0.0025, 0.005, 0.0075%) 
 (0.15mM)  
 (1, 2.5, 5, 10ug/ml) 
 (3, 5, 10mM) 
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Table 2.1 The S. pombe strains used in this study.   
 
Strain 
Number 
Genotype Source 
BP1 h- 978 (Wild type) McFarlane 
collection 
BP8 h + 975 (Wild type) McFarlane 
collection 
BP90 h- ade6-M26 ura4-D18 leu1-32 McFarlane 
collection 
BP91 h+ ade6-52 ura4-D18 leu1-32 
 
McFarlane 
collection 
BP153 
 
h-  mis6-302 (incubate at 25 ºC) McFarlane 
collection 
BP187 
 
h-  mis4-242 (incubate at 25 ºC) McFarlane 
collection 
BP846 h +  ade6-M210 hop1::kanMX6 McFarlane 
collection 
BP1079 h- ade6-M26 ura4 -D18 leu1-32 Tsn1::kanMX6 McFarlane 
collection 
BP1080 h- ade6- M26 ura4-D18 leu1-32 Tsn1::kanMX6 McFarlane 
collection 
BP1089 h- ade6-M26 ura4 -D18 leu1-32 trax::kanMX6 McFarlane 
collection 
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BP1090 h- ade6-M26 ura4 -D18 leu1-32 trax::kanMX6 McFarlane 
collection 
BP1162 h+ bub1::kan R  ura4-D18 leu1-32 McFarlane 
collection 
BP1731 h +  ade6- M26   rec10-175 ::kanMX6 McFarlane 
collection 
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BP2203 h- cntTM1(Nco1)::ura4 ura4-DS/E leu1-32 ade6- M 
210 
McFarlane collection 
BP2204 h- otrR1(Sph1)::ura4 ura4-DS/E leu1-32 ade6- M 
210  
McFarlane collection 
BP2221 h- ago1::kanMX6 ade6- M 210 ura4-DS/E leu1-32 McFarlane collection 
BP2294 h- ade6- M 210 leu1-32 ura4-D18 Ch16-23R McFarlane collection 
BP2385 h- cntTM1(Nco1)::ura4 ura4-DS/E leu1-32 ade6- M 
210 ago1::kanMX6 
McFarlane collection 
BP2386 h- imr1(Nco1)::ura4 ori1 ura4-DS/E leu1-32 ade6- 
M 210 ago1::kanMX6 
McFarlane collection 
BP2388 h- otrR1(Sph1)::ura4 ura4-DS/E leu1-32 ade6- M 
210 ago1::kanMX6 
McFarlane collection 
BP2406 h- ade6- M 210 leu1-32 ura4-D18 Ch16-23R trax:: 
kanMX6 
This study 
BP2413 h- otrR1(Sph1)::ura4 ura4-DS/E leu1-32 ade6-m210 
trax::kanMX6 
This study 
BP2414 h90 ade6-M26 leu1-32 ura4-D18 tsn1:: kanMX6 This study 
BP2417 h+ ade6-52 ura4-D18 leu1-32 tsn1::kanMX6 This study 
BP2418 h- cntTM1(Nco1)::ura4 ura4-DS/E leu1-32 ade6- M 
210 tsn1::kanMX6 
This study 
BP2420 h- otrR1(Sph1):: ura4+  ura4-DS/E leu1-32 ade6-
M210 tsn1::kanMX6 
This study 
BP2421 h- ade6-M210 leu1-32  ura4-D18 Ch16-23R 
tsn1::kanMx6 
This study 
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BP2472 h- ade6-M210 leu1-32  ura4-D18 Ch16-23R ago1:: 
kanMx6 
McFarlane collection 
BP2501 h- imr1(Nco1):: ura4+  ori1 ura4-DS/E leu1-32 
ade6-M210 tsn1::KanMX6 
This study 
BP2506 h- imr1(Nco1):: ura4+  ori1 ura4-DS/E leu1-32 
ade6-M210 
This study 
BP 2704 h+ rDNA::ura4+  ura4-DS/E ade6-M210 McFarlane collection 
BP2705 h+ Ch16-M23::ura4+ TEL[72] ura4-DS/E leu1-32 
ade6-M210 (Ch16 ade6-M216) 
McFarlane collection 
BP2706 h90 mat3-M (EcoRV)::ura4+ ura4-DS/E leu1-32 
ade6-M210 
McFarlane collection 
BP2720 h+ rDNA::ura4+  ura4-DS/E ade6-M210 
tsn1::kanMX6 
This study 
BP2721 h+ rDNA::ura4+  ura4-DS/E ade6-M210 
tsn1::kanMX6 
This study 
BP2722 h+ Ch16-M23::ura4+  TEL[72] ura4-DS/E leu1-32 
ade6-M210 (Ch16 ade6-M216) tsn1::kanMX6 
This study 
BP2723 h+ Ch16-M23::ura4+ TEL[72] ura4-DS/E leu1-32 
ade6-M210 (Ch16 ade6-M216) tsn1::kanMX6 
This study 
BP2724 h90 mat3-M (EcoRV)::ura4+ ura4-DS/E leu1-32 
ade6-M210 tsn1::kanMX6 
This study 
BP2725 h90 mat3-M (EcoRV)::ura4+   ura4-DS/E leu1-32 
ade6-M210 tsn1::kanMX6 
This study 
BP2747 h- ade6-M26 ura4-D18 leu1-32 dcr1::ura4       This study 
BP2748 h- ade6-M26 ura4-D18 leu1-32 tsn1::KanMX6  This study 
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dcr1::ura4    
BP2749 h- ade6-M26 ura4-D18 leu1-32 tsn1::KanMX6  
dcr1::ura4    
This study 
BP2757 h- ade6-M26 ura4-D18 leu1-32 ago1::ura4  This study 
BP2758 h- ade6-M26 ura4-D18 leu1-32 ago1::ura4  This study 
BP2760 h- ade6-M26 ura4-D18 leu1-32 tsn1::KanMX6 
ago1::ura4  
This study 
BP2811 h- ade6-M26 ura4-D18 leu1-32 rec10::KanMX6   This study 
BP2813 h- ade6-M26 ura4-D18 leu1-32 rec10::KanMX6   This study 
BP2894 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R dcr1:: 
ura4+   
This study 
BP2895 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R dcr1:: 
ura4+   
This study 
BP2899 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R 
tsn1::KanMX6  dcr1:: ura4+   
This study 
BP2900 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R 
tsn1::KanMX6  dcr1:: ura4+  
This study 
BP2973 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R ago1:: 
ura4+   
This study 
BP2977 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R 
tsn1::KanMX6  ago1::ura4+  
This study 
BP2978 h- ade6-M210 leu1-32 ura4-D18 Ch16-23R 
tsn1::KanMX6  ago1::ura4+  
This study 
BP2985 h- otrR1(Sph1)::ura4+ ura4-DS/E leu1-32 ade6-
M210 dcr1::NatMX6  
This study 
BP2989 h- cntTM1(Nco1)::ura4+ ura4-DS/E leu1-32 ade6- This study 
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M210 tsn1::kanMX6  dcr1::NatMX6  
BP2995 h- otrR1(Sph1)::ura4+ ura4-DS/E leu1-32 ade6-
m210 tsn1::kanMX6 ago1::NatMX6  
This study 
BP2996 h- otrR1(Sph1):: ura4+  ura4-DS/E leu1-32 ade6-
m210 tsn1::kanMX6 ago1::NatMX6  
This study 
BP3001 h- cntTM1(Nco1):: ura4+  ura4-DS/E leu1-32 ade6-
M210 ago1::NatMX6  
This study 
BP3003 h- imr1(Nco1):: ura4+ ori1 ura4-DS/E leu1-32 
ade6-M210 tsn1::KanMX6 ago1::NatMX6  
This study 
BP3004 h- imr1(Nco1):: ura4+ ori1 ura4-DS/E leu1-32 
ade6-m210 tsn1::KanMX6 ago1::NatMX6  
This study 
BP3005 h- imr1(Nco1):: ura4+  ori1 ura4-DS/E leu1-32 
ade6-M210 ago1::NatMX6  
This study 
BP3024 h- otrR1(Sph1):: ura4+ ura4-DS/E leu1-32 ade6-
M210 tsn1::kanMX6 dcr1:: NatMX6  
This study 
BP3026 h- imr1(Nco1):: ura4+ ori1 ura4-DS/E leu1-32 
ade6-M210 tsn1::KanMX6 dcr1:: NatMX6  
This study 
BP3027 h- imr1(Nco1):: ura4+ ori1 ura4-DS/E leu1-32 
ade6-M210 tsn1::KanMX6 dcr1:: NatMX6  
This study 
BP3028 h- imr1(Nco1):: ura4+ ori1 ura4-DS/E leu1-32 
ade6-M210 dcr1:: NatMX6  
This study 
BP3029 h- imr1(Nco1):: ura4+  ori1 ura4-DS/E leu1-32 
ade6-M210 dcr1:: NatMX6  
This study 
BP3103 h- cntTM1(Nco1):: ura4+  ura4-DS/E leu1-32 ade6-
M210 dcr1::NatMX6  
This study 
BP3109 h- otrR1(Sph1):: ura4+  ura4-DS/E leu1-32 ade6- This study 
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M210 ago1::NatMX6  
BP3111 h- cntTM1(Nco1):: ura4+ ura4-DS/E leu1-32 ade6-
M210 tsn1::kanMX6 ago1::NatMX6  
This study 
BP 2704 h+ rDNA::ura4+ ura4-DS/E ade6-M210 McFarlane collection 
BP3154 h+ rDNA::ura4+ ura4-DS/E ade6-M210 
ago1::NatMX6 
This study 
BP3213 h+ rDNA::ura4+ ura4-DS/E ade6-M210 
dcr1::NatMX6 
This study 
BP2720 h+ rDNA::ura4+ ura4-DS/E ade6-M210 
tsn1::kanMX6 
This study 
BP3193 h+ rDNA::ura4+ ura4-DS/E ade6-M210 
tsn1::kanMX6 ago::NatMX6 
This study 
BP3189 h+ rDNA::ura4+ ura4-DS/E ade6-M210 
tsn1::kanMX6 dcr::NatMX6 
This study 
BP3150 h- leu1-32 ura4-D18 T2R1-30292:: ura4+ McFarlane collection 
BP3206 h- leu1-32 ura4-D18 T2R1-30292:: ura4+  
ago1::NatMX6  
This study 
BP3153 h- leu1-32 ura4-D18 T2R1-30292:: ura4+  
dcr1::HYG 
This study 
BP3214 h- leu1-32 ura4-D18 T2R1-30292:: ura4+  
tsn1::kanMX6  
This study 
BP3220 h- leu1-32 ura4-D18 T2R1-30292:: ura4+  
ago1::NatMX6 tsn1::kanMX6  
This study 
BP3236 h- leu1-32 ura4-D18 T2R1-30292:: ura4+  
dcr1::HYG tsn1::kanMX6  
This study 
BP3151 h- leu1-32 ura4-D18 T2R1-7921:: ura4+ McFarlane collection 
48 
 
BP3208 h- leu1-32 ura4-D18 T2R1-7921:: ura4+ 
ago1::NatMX6  
This study 
BP3152 h- leu1-32 ura4-D18 T2R1-7921:: ura4+ 
dcr1::HYG 
McFarlane collection 
BP3216 h- leu1-32 ura4-D18 T2R1-7921:: ura4+ 
tsn1::kanMX6  
This study 
BP3238 h- leu1-32 ura4-D18 T2R1-7921:: ura4+  
ago1::NatMX6 tsn1::kanMX6  
This study 
BP3218 h- leu1-32 ura4-D18 T2R1-7921:: ura4+ 
dcr1::HYG tsn1::kanMX6  
This study 
BP2706 h90 mat3-M (EcoRV)::ura4+ura4-DS/E leu1-32 
ade6-M210 
McFarlane collection 
BP3155 h90 mat3-M (EcoRV)::ura4+ura4-DS/E leu1-32 
ade6-M210 ago1::NatMX6 
This study 
BP3212 h90 mat3-M (EcoRV)::ura4+ura4-DS/E leu1-32 
ade6-M210 dcr1::NatMX6 
This study 
BP2724 h90 mat3-M (EcoRV)::ura4+ura4-DS/E leu1-32 
ade6-M210 tsn1::kanMX6 
This study 
BP3195 h90 mat3-M (EcoRV)::ura4+ura4-DS/E leu1-32 
ade6-m210 tsn1::kanMX6 ago::NatMX6 
This study 
BP3190 h90 mat3-M (EcoRV)::ura4+ura4-DS/E leu1-32 
ade6-m210 tsn1::kanMX6 dcr::NatMX6 
This study 
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2.6 Methods of yeast transformation  
2.7.1 Lithium Acetate (LiAc) yeast transformation 
A single colony was inoculated in 50 ml of YEL or selective media overnight and 
incubated by shaking at 30°C to a density of 0.5–1 x 107 cells/ml, The cells were spun 
down at 3,000 r.p.m. for 5 min at room temperature in microcentrifuge . The medium was 
then poured off and the cells washed by gently adding 1 ml of distilled sterile water. The 
suspension was recentrifuged, and the pellet was transferred after resuspension to a new 
1.5 ml microfuge tube and rotated again at 6000 r.p.m. for 1 min in microcentrifuge. The 
pellet was resuspended at 1 x 109 cells per ml in freshly made 0.1 lithium acetate (adjusted 
to pH 4.9 with acetic acid). 100 µl samples were transferred to a new Eppendorf tubes, 
with 2 μl of sheared herring testes DNA and 10–20 μg of transforming DNA (of a 
maximum volume of 10 μl). The suspensions were incubated at room temperature for 10 
minutes and then 260 μl of 40% PEG/LiAc/TE was added and gently mixed. The mixture 
was incubated for 1 hour at room temperature. DMS was added after incubation and then 
the mixture was heat shocked at 42 °C for a minimum of 5 minutes. It was then left to cool 
at room temperature. The cells were harvested at 6,000 r.p.m. in a microcentrifuge after 
they were washed by adding 1 ml of distilled sterile water and spinning them down at 
3,000 r.p.m. for 3 minutes. The supernatant was then discarded from the microfuge tube(s) 
and resuspended in 0.5 ml of distilled sterile water and 50 μl of the aliquots were plated out 
on YEA media plates and incubated for overnight, then make replica on selective media 
100ug/l Nat antibiotics or onto EMM2 plates with or without required supplements for 
selection and incubated for up to 6 days at 30°C to test their ability to grow on nutrition 
selective media for Ura marker. 
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The cells will be selected in media contains 5-FOA, because orotidine-5’phosphate 
decarboxylase which has been encoded by Ura4 for biosynthesis of uracil, convert FOA(5-
fluoroorotic acid)  to toxic compound 5-fluorouracil, so the cells that have ura4  can be 
killed by selected media that contains FOA while Ura- cells are resistant to this compound. 
2.7.2. Transformation of yeast by electroporation  
Cells were grown in 50 ml YEL media until reaching a density of 1 x 107 cells per ml. The 
culture was then incubated in ice for 20 minutes.  The sample was spun at 3,000 r.p.m. for 
5 minutes at 4 °C in a microcentrifuge the samples were washed 3 times in ice-cold 1 M 
Sorbitol before resuspending the sample in 1 M Sorbitol until reaching a density of 1 x 109 
cells per ml. The electrocuvets (Geneflow) were pre-chiled on ice for 20 minutes, then 200 
µl of the cell suspension was transferred into the electroporation chamber with 1 µg of 
transforming DNA dissolved in pure sterile distilled water  (with a volume of < 10 µl), and 
the samples were shocked immediately at 2 kV. Then 1 ml of ice-cold 1 M Sorbitol was 
added. 
2.8   Spot test 
A single colony was grown and inoculated in 5 ml YEL and incubated overnight in a 
shaking’s incubator until saturated. The temperature was optimised at 33°C. The cells were 
then transferred to a Eppendorf tube and spun down and resuspended in 1 ml of water at a 
concentration of approximately 5 x 106 cells /ml a serial dilution of 1:10 was made. Serial 
dilutions had 5 µl of each dilution spotted onto YES supplemented with appropriate drug 
as required. The plates were incubated for 3-4 days at appropriate temperature  
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2.9 S. pombe storage 
For long term storage, one colony was grown in 5 ml YEL until saturation. Then 0.8 ml of 
YES was mixed with glycerol to a final concentration of 30%. Cultures were stored -80°C.  
2.10 E. coli plasmid DNA extraction  
Plasmid isolation methods were applied using a GenEludeTM HP Plasmid Miniprep Kit. 
E. coli was grown overnight from the -70°C freezer stock of 5 ml of Luria Bertani (LB) 
media, which contained a suitable antibiotic. The culture was spun for harvest at 3,500 
r.p.m. for 1 minute IN a microcentrifuge. The supernatant was isolated, and the bacteria 
pellet was left. The pellet was resuspended in 200 μl of kit resuspension solution 
containing RNase A. Then 200 μl of kit lysis buffer was added to the cells; 350 μl of kit 
neutralization/binding buffer was added to the cell debris for precipitation and separated by 
centrifugation at 3,000 g for 1 minute. Finally, the plasmid DNA was eluted with a 50 μl 
elute solution supernatant was passed through a column provided in the kit. 
2.13   Gene amplification transformation and replacement  
pFA6a-kanMX6 was the plasmid used as template DNA for amplification (Baehler et al., 
1998). Deleted Tsn-kan-F and Tsn-kan-R primers pair was used for tsn1. The 50 μl PCR 
reactions were mixed in a 0.5 ml PCR tube consisting of 1 μl of Expanded High Fidelity 
polymerase enzyme (Finnzyme), 1 μl of the template DNA (0.02 μg or 20 ng of plasmid 
DNA), 1 μl of 10 x dNTPs, 1 μl of 20 ng/μl each of forward and reverse primers, 4 μl of 
Expand Buffer, 3.5 μl of 25 mM MgCl2 and 36.5 μl of sterile distilled water. The PCR 
cycles were as follows: denaturing, started at 94°C for 2 minutes, 25 cycles; 94°C for 1 
minute; annealing, 55°C for 1 minute; extension at 72°C for 2 minutes; finishing at 72°C 
for 4 minutes. Ten reaction mixtures were pooled in a 1.5 ml Eppendorf tube, and 5-10 μl 
of the product was run in a 1% agarose gel to visualise product size. Then 250 μl of phenol 
52 
 
and 250 μl of chloroform were added and gently vortexed. The tubes were then centrifuged 
at 3,000 g for 5 minutes (Eppendorf centrifuge 5415D). The clear top layer was aspirated 
and transferred into a fresh Eppendorf tube. Twice the volume of ice cold ethanol and 0.01 
M (final concentration) of NaCl were added, mixed, and the tube was incubated at -20°C 
overnight or at -80°C for one hour. The tubes were centrifuged at 13,000 r.p.m. for 15 
minutes at 4°C in a microcenrifuge. The supernatant was carefully aspirated, leaving the 
DNA pellet behind. Then 1 ml of 70% ethanol was gently added and drained out. The 
tubes were left open to air dry. The pellet was resuspended in 20 μl of TE. Then 1 μl of the 
DNA concentrate was run in a 1% agarose gel. The concentration of DNA was determined 
using a spectrophotometer at a wavelength of 260 nM. Of this DNA, 10 μg was used for 
the transformation of S. pombe cells, where the comcentration of Kan and Nat in YEA is 
around 100 ug/L. 
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           Table 2.2 Primers list. 
Primer 
designation 
Sequence Description 
Tsn-kan-F 5′-TTA TTT GCA TAC TGA AAA CAT 
CAT TCG AAT ATC AAC ACT ACT 
CAA CAG CAT ACA TTA CAG ATT 
AAG TCG ACG GAT CCC CGG GTT 
AAT TAA-3′ 
Forward primer 
for the 
kanamycin 
cassette for tsn1 
replacement 
Tsn-kan-R 5′-ATA TTA AAA AAG CAA TTT TAT 
CGG CTC AAT TTT AGT CAA GCG 
TAC AGC TGG CAA ATA AAT TGT 
TAG CAA TGA ATT CGA GCT CGT 
TTA AAC-3′ 
Reverse primer 
for the 
kanamycin 
cassette for tsn1 
replacement 
Tsn-F 5′-GAT CTA AAC AAC CCA AGC G-3′ tsn1 ORF 
Upstream  
Tsn-R 5′-GCA TTC ATC ATA GGA CTG CC-3′ tsn1 ORF 
Downstream  
Tsn-intC-F 5′-TCA TAT TCC ATT TGA GGC CC-3′ Checking 
primers for 
Translin 
(internal 
primers) 
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Screentag-F 5′-CAG TTC TCA CAT CAC ATC CG-3′ Placed  within 
kan cassette 
Screencorre
ct-R 
5′-CGG ATG TGA TGT GAG AAC TG-3′ Placed  within 
kan cassette 
Scrkan 
1458-R 
5′-CGA CAG CAG TAT AGC GAC CA-3′ Placed  within 
kan cassette 
Tsn-1-F  5′-TAT CAA CAC TAC TCA ACA GC-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-2-R  5′-TTT GAA AAG ATC TGA GGA CG-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-3-F 5′-AAA CTG ACT GCA GAG GTC G-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-4-R 5′-CTA ACA AAT CGA CCT CTG C-3′ Checking 
primers for 
Translin 
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(internal 
primers) 
Tsn-5-R 5′-GCA AAA TTT GAC CAA CTT CG-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-6-F 5′-CGA AGT TGG TCA AAT TTT GC-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-7-F 5′-CCC GGT TTT TCC AGA AGA G-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-8-R 5′-GAA CAC AGA GAT AGT ACT GC-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-9-R 5′-GAG TTT ACA GAT TGA CGA GC-3′ Checking 
primers for 
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Translin 
(internal 
primers) 
Tsn-10-F 5′-GCT CGT CAA TCT GTA AAC TC-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Tsn-11-R 5′-CGA AAT GTC TTC TTA AGG AG-3′ Checking 
primers for 
Translin 
(internal 
primers) 
Dcr-pAW1-
F 
5′- 
ATAGCTTAGGATTCATTATTTTTTAA
GAGACAAATTTCTCGTCAATTGAAT
GAAACCTTCCGCCTTTATTTTCTTTT
TGACGGATCCCCGGGTTAATTAA-3′ 
 
Forward primer 
of the NAT 
cassette for dcr1 
replacement 
Dcr-pAW1-
R 
5′-   
GCTTTGGAGACCCAAATTGAAAGTT
TGAAAAGTTACAAGGGCCGCGGTCA
TAAAAAATGAAATACTGTATATTTC
AAGTCGAATTCGAGCTCGTTTAAAC-
3′ 
Reverse primer 
for the NAT 
cassette for dcr1 
replacement 
Dcr1 check- 5′- TGATTGAAACTCGAGATGCTTTG     Checking 
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R -3′ primers for 
dcr1: (External 
primers) 
 
Dcr_int R 5′- GACGATATCATCAGTCACACG-3′ dcr1: Internal 
Reverse 
Dcr_mid F 5′- TCCCTTAGTGTTTGTACAAGC-3′ 
 
dcr1: Internal 
Reverse 
Dcr_mid R 5′- TGGCAACTTTACGGGATTTGC-3′ 
 
dcr1: Internal 
Reverse 
Dcr1 -F 5′- AGTATTCTGCTCGTGTGATTG-3′ dcr1: External 
Forward 
pAW1-R 5′-  ACACGACATGTGCAGAGATGC -3′ dcr1: Internal 
Reverse 
pAW1-F 5′- AGTTTAACTATGCTTCGTCGGC-3′ dcr1: External 
Forward 
Ago-AW1-F 5′- 
GGTTTGGTATATATAAGCTTCCAACC
GCCAAAGCGAATTGTCTTCAGCCAA
CTCGTCCTTTATGATTCAGAGTGAGT
AGGCGGATCCCCGGGTTAATTAA-3′
 
Forward primer 
of the NAT 
cassette for ago 
1 replacement 
Ago-AW1-
R 
5′-
TAAGGAAGTAAAAGTTGTGGGCAAT
Revers primer of 
the NAT 
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CCAGTAGTCAATCGTATATCTATTTC
ATTACTTATTGCATGCAATCCATCAA
ACAGAATTCGAGCTCGTTTAAAC-3′
 
cassette for ago 
1 replacement 
AgoNAS-F 5′- ACTTATGTTGCGTTTGCGTGC-3′ 
 
ago 1: External 
Forward 
AgoNAS-R 5′- GCTATCAACAGTGGATAGAGC-3′ ago 1: Internal 
Revers 
pAW1-R 5′- ACACGACATGTGCAGAGATGC-3′ 
 
ago 1: Internal 
Revers 
AgoNAS-R 5′- GCTATCAACAGTGGATAGAGC-3′ 
 
ago 1: External 
Forward 
pAW1-F 5′- AGTTTAACTATGCTTCGTCGGC-3′ ago 1: Internal 
Revers 
Ago_int F 5′- AGGTACTTGTTAGCTTCATTCG-3′ 
 
ago 1: Internal 
Forward 
Ago_int R 5′- AGTACCGACATTATTGCGATGC-3′ ago 1: Internal 
Revers 
Ago_mid F 5′- TCAAACTGCCAACATGATCCG-3′ 
 
ago 1: Internal 
Forward 
Ago_mid R 5′- TCTCAACAAAAGTATCATCGGC-3′ ago 1: Internal 
Revers 
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2.12   PCR checking of gene deletion. 
The programme for PCR strains checking was performed by 1 µl of 10% dilution in water 
of the template DNA extracted from the candidate strains. The reaction was created using a 
2 x ReddyMix (BioLine) reagent PCR program: denaturing, started at 96oC for 1 minute, 
then 30 cycles of 96oC 1 minute, XoC for 30 seconds, 72oC as necessary, then 72oC for 5 
minutes final extension. Alternatively, a Phusion High-Fidelity DNA Polymerase 
(FINNZYME) was used. The PCR cycles were as follows: denaturing, start at 98oC for 1 
minute, then 30 cycles of 98oC 10 seconds, XoC for 30 seconds, 72oC as necessary, then 
72oC for 5 minutes final extension. According to the primer set, the annealing temperature 
(X) varied. The extension time was estimated as 1 minute per kb for 2 x ReddyMix and 15 
seconds per kb for Phusion High-Fidelity DNA Polymerase. 
2.13   Extraction of whole cell protein and Western blots 
For whole-cell protein extraction (WCEs), a single colony of S. pombe was grown in 50 ml 
YEL in a 150 ml flask and incubated overnight in shaker at 30°C until the culture was 
saturated. Then the culture was harvested by centrifuge at 4000 r.p.m. for 5 minutes. The 
precipitation was resuspended by using 1.5 ml ice-cold STOP buffer (150 mM NaCl; 10 
mM EDTA, pH 8; 1 mM NaN3). The resuspension was transferred to a 1.5 ml microfuge 
tube (screw lid) and centrifuged at 5,000 r.p.ms. for 5 minutes in microcentrifuge. After 
discarding the supernatant and adding a 50 µl RIPA buffer (10 mM Tris-HCl [pH 7.8], 1% 
Triton-X 100, 0.1% SDS, 2 mM EDTA [pH 8.15], 150 mM Sodium Ortho-Vanadate, 
complete protease inhibitor cocktail tablets [Roche]), and 0.3 g acid washed glass beads 
(Sigma). It was flash spun to make sure beads penetrated the pellet every 30 seconds. The 
sample was placed on ice for a further 30 seconds. The last two steps were repeated and the 
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cells vortexed for 3 minutes (the tubes were kept on ice as much as possible). Then a 400 
μl RIPA buffer was added and vortexed for a further 30 seconds. The tube was centrifuged 
at 20,000 g for 20 minutes at 4°C. The supernatant was collected and the pellet was 
discarded. The tube was centrifuged at 20,000 g for 10 minutes. This produced the 
supernatant which could be stored at -80 °C 
The concentration of the protein was determined by using the Bradford Reagent (Sigma) as 
per the manufacturer’s instructions. A reducing agent was added to approximately 30 µg 
samples of protein, and then run on 10–12% sodium dodecyl sulphate-polyacrylamide gels. 
This was then electro blotted onto Nitrocellulose or a PVDF transfer membrane 
(Amersham Biosciences, UK Limited, Little Chalfont, UK). The membranes were 
incubated in 10% non-fat milk with phosphate-buffered saline (PBS) and 0.1% Tween 
(blocking buffer) overnight at 4°C. All membranes were washed 3 times for 5 minutes in 1 
x PBS and 0.5% TWEEN (Sigma). The membranes were incubated for 1.5 hours at room 
temperature (approximately 20°C), with primary and secondary antibodies in 10% non-fat 
milk, 1 x PBS and 0.5% TWEEN for 1.5 hrs. The membrane was washed 3 times in 1 x 
PBS and 0.5% TWEEN. It was incubated with primary antibody solutions at room 
temperature. The samples were probed by Donkey anti-rabbit IgG-HRP (1/5000) (Santa 
Cruz Biotechnology). Donkey anti-guinea pig IgG-HRP (1/5000) (Jackson Immuno 
Research) was used as a secondary antibody to C-terminus anti-Tsn (1/4000) and C-
terminus anti-Trax (1/5000). Blots were probed by using the anti-α-tubulin antibody 
(1/10000) (Sigma-Aldrich [T5168]) and goat anti-mouse IgG-HRP (1/5000) as a secondary 
antibody (Santa Cruz Biotechnology). An enhanced chemiluminescence ECL procedure 
(as explained by Roche) was used for blot visualisation (Amersham Pharmacia Biotech). 
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2.14   Intergenic recombination assay  
For intergenic meiotic recombination analysis, an appropriate dilution of spore suspensions 
was plated on YEA or NB. Appropriate supplements were added to give a viable spore 
count. The plates were incubated for 5 days at 33°C. YE + guanine (adjusted to pH 6.5 
with 1 M HCl and containing 20 mg/ml of guanine dissolved in 0.35 M NaOH) or NB––
fully supplemented but lacking adenine ––was used for the adenine prototroph count. Then 
recombination frequency of prototrophs/106 viable spores was then determined, as the 
viable counts could then be used for both the spore viability assay and the recombination 
frequency calculation.  
2.15   Microscopy 
A growing culture was spun for harvesting and fixed in 1 ml of 100% ethanol. It was 
rehydrated in 100–200 µl of fixed cells by adding it to 50 µl of water. The cells were fixed 
by heating them at 70°C until dry. A stock of 1 mg/ml calcofluor was prepared in 50 mM 
sodium citrate and 100 mM sodium phosphate with NaOH added until the calcofluor 
dissolved. The working concentration was prepared by applying 50 mM Tris pH 9.5 50 μl 
to the slides and waiting for 5 minutes. A working solution was prepared from 2 ml 50 mM 
Tris; the slides were then rinsed and dried. Finally, after applying 3–5 µl of DAPI (1 
mg/ml) in Vectashield mounting media (Vector Laboratories) the slides were ready for 
viewing under the microscope. 
2.16   Mini chromosome loss assay 
A single colony was picked from the YEA media and inoculated in 5 ml YEL overnight 
(16 hours) until stationary in an incubator shaker. The temperature was optimised at 33°C. 
The cells were collected by being spun down at 6,000 r.p.m.in a microcentrifuge; the 
pellets were washed in 1 ml of distilled sterile H2O and pelleted onto solid media and 
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spread by using a glass spreader. Serial dilutions were prepared from these cultures and 
dilutions of 10–1 to 10–5. Then the serial solutions were plated on YE solid media at 30°C 
(for 2–3 days) until micro colonies were seen (~1 mm in diameter). Each strain was 
repeated by inoculating seven independent whole colonies into universal bottles. These 
cultures were grown until saturated by incubation at 33°C with shaking. Then with a glass 
spreader a dilution of 10–4 and 10–5 was plated out on YE + guanine (adjusted to pH 6.5 
with 1 M HCl and containing 20 mg/ml of guanine dissolved in 0.35 M NaOH). The plates 
were incubated at 33°C for 3–4 days after which the colonies were counted and tabulated. 
Seven independent cultures were calculated for mutation rates or recombination rates and 
the median values were generated from the median Ade+ colonies based on the total cell 
number in the culture (Lea and Coulson, 1949).   
2.17   Preparation of electrocompetent E. coli cells. 
The required E. coli cells from frozen stock were streaked onto LB agar and incubated at 
37°C overnight (16 hours). A single colony was picked from the plate and inoculated in 5 
ml of LB broth and incubated overnight in an incubator shaker at 37°C. One ml of the 
culture was inoculated in 1-litre flasks with 250 ml LB broth. The cells were grown at 37°C 
in a shaking incubator for growth to an OD600 of 0.5-0.75. The cultures were cooled in ice 
for 15–30 minutes. From this step on, everything was kept on ice. The cells were harvested 
by centrifugation at 4°C for 10 minutes. The supernatant was aspirated. Then the pellet was 
resuspended by adding 40 ml of ice-cold sterile distilled water, and the suspension was 
transferred to sterile 50 ml falcon tubes. The suspension was then harvested by centrifuge 
at 1,500 g in chilled water and incubated at 4°C for 15 minutes. The supernatant was 
drained, the cells were resuspended in 50 ml ice-cold sterile distilled water, and the 
centrifugation was repeated as described above. All supernatant was removed and the cell 
pellet was resuspended in a volume of 1 ml ice-cold sterile 10% glycerol. Aliquot cells 
were stored in 1.5 ml Eppendorf tubes at -80°C. 
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Chapter 3 
                  Analysis of a potential role for Translin in heterochromatin-mediated gene silencing  
3.1 Introduction 
Translin is a human protein which was identified as it binds to breakpoint junctions of 
chromosomal translocations associated with development of some human cancers such as 
leukemia (Aoki et al., 1995; Laufman  et al., 2005). It is conserved in eukaryotes and was 
identified in mouse as the testis brain RNA binding protein (TB-RBP). It can bind to 
nucleic acids and has been implicated in a range of functions, including DNA repair, 
genetic recombination and telomere maintenance. It has a strong ability to bind to single-
stranded d(GT)n and d(TTAGGG)n regions of the genome (Eliahoo et al., 2010; Laufman 
et al., 2005; Yu and Hecht, 2008). In addition, Translin favorably binds to consensus 
sequences such as ATGCAG and GCCC(A/T)-(G/C)(G/C)(A/T), which are associated 
with the breakpoint junction in several cases of  chromosomal translocation (Erdemir et al., 
2002; Li et al., 2003). In contrast to human Translin, that binds single stranded G-rich 
RNA and DNA with about equivalent affinity, the S. pombe Translin binds with a greater 
affinity to RNA than to single-stranded DNA. Therefore, S. pombe Translin might play a 
role in the metabolism of RNA (Eliahoo et al., 2010). Translin has a binding partner 
protein called Translin-associated factor X (TRAX) which has orthologues in all 
eukaryotes which have Translin protein (Clauβen et al., 2006). TRAX is dependent on the 
interaction with Translin for stability (Cho et al., 2004) and deletion of Translin results 
reduction of Trax protein although mRNA levels remains the same, indicating a post 
transcriptional regulation (Jeandling et al., 2008). 
The genome of S. pombe has regions that are assembled into heterochromatin, including 
the centromeres, telomeres and mating-type loci where inserted marker genes are repressed 
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(Ekwall et al., 1999; Allshire et al., 1995). Fission yeast centromeres are large complex 
and transcriptionally inactive (Javerzat et al., 1999). They span approximately 35-110 kb 
and are comprised of central parts of unique non-repetitive DNA (cnt) sequences that are 
surrounded by two inverted inner most repeats (imr) which share identical sequences. 
These are further flanked by the outer repeats (otr) (Goto and Nakayama, 2011). There is 
some evidence to indicate that Translin and TRAX function as regulatory proteins in an 
RNA interference (RNAi) mechanism (reviewed in Jeandling and McFarlane, 2010). RNAi 
plays a necessary role in maintenance and establishment of centromeric heterochromatin 
and gene silencing (Grewal et al., 2007). This is mediated in part by methylation of histone 
H3 Lysine 9. An alternative RNAi pathway results in the destruction of mRNA (Grewal et 
al., 2007). Translin and TRAX have been implicated in unwinding of dsRNA and the 
production of siRNAs that guide the RNA-induced silencing complex (RISC) which 
cleaves RNA that is homologous to siRNAs inside RISC (Liu et al., 2009). To gain further 
insight into the relationship between the RNAi and Translin we use the facile nature of the 
S. pombe system to explore whether Translin function is associated with heterochromatin 
maintenance. In this chapter we aim to make Translin and TRAX strains deleted by 
replacement of the target gene with KanMX6 (Kanamycin resistance) cassette, then we 
used  test sensitivity to TBZ, and test whether loss of Translin alleviates heterochromatin 
silencing in centromere by 5-FOA sensitivity, then  determine whether Translin deleted 
strains are affected by TSA. Finally, we have taken the approach of identifying tsn1 
function for sister chromatids segregation by mini chromosomes loss. 
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3.2 Results 
3.2.1 S. pombe tsn1 gene deletion 
Previous work within the group has demonstrated that heterozygous genetic crosses of 
Translin deletion strains with tsn1+ strains results in non-Mendelian marker segregation 
and unexpected post-meiotic phenotypic variance (R. McFarlane, personal 
communication). This phenomenon remains uninvestigated in any systematic fashion, but 
it suggests a meiotic haplo-insuffincy for Translin, the molecular basis of which remains 
unknown. Thus, the generation of new tsn1∆ haploid strains via standard meiotic crosses 
could not be used. For this reason all tsn1∆ strains required in this study were generated by 
making de novo deletions of the tsn1 gene. The strains of tsn1Δ mutants were created by 
using a PCR based gene targeting methods (Bähler et al., 1998). Gene deletion is achieved 
by replacement of the target gene with KanMX6 (Kanamycin resistance) cassette. The 
cassette is generated by PCR using primers with 70 bp of homology to the sequences 
immediately flanking upstream and downstream of the target gene open reading frame.  
The primers also have sequences enabling the amplification of the KanMX6 gene (Fig.3.1 
B). The resulting PCR product is approximately 1.8 kb in size. The purified PCR product 
was chemically transformed into S. pombe. To identify the knockout strains, the 
transformants were selected on media containing G418 to which KanMX6 confers 
resistance and the gene replacement was verified by PCR (Fig. 3.1 C). PCR products of the 
expected sizes for tsn1 gene replacement were obtained in three separate reactions for all 
strains. Nested PCRs were also carried out to confirm that no portion of the tsn1 gene was 
still present (refer to Fig. 3.1).  
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Figure 3.10 PCR results for tsn1Δ strains.  
A. schematic representation of the sites of the screening primers used and the size of expected PCR 
product for wild-type. B. The schematic shows the sites of the screening primers used and the size 
of expected PCR product for knockout strains. C. Imaging of agarose gel showing PCR products by 
using primers P1 and P2 from wild-type strain and the tsn1∆ haploid strains. The expected product 
size of P1 and P2 in the wild-type strain is ~1.2 kb and ~1.8 kb in the knockout. Primers P2-P4 and 
P1-P3 produce ~1.2 kbp and 619 bp in tsn1∆ respectively, and no product was generated in the 
tsn1+ strain, this is further confirmation that kanMX6 has replaced tsn1+ in tsn1∆ strains.    
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3.2.2 Western blot analysis of tsn1Δ Strains  
The selected tsn1Δ strains were confirmed by specific PCR of kanMX6 using specially 
designed primers. To further confirm the tsn1Δ strains western blot analysis was carried 
out using anti-Tsnl antibodies (Jaendling et al., 2008). In tsn1+ strains these antibodies 
detect a band with a mobility of approximately 25 kDa on a 12 % SDS-page gel. No 
protein was detected in the tsn1Δ strains (Fig. 3.2). The stability of Trax is Translin 
dependent (Jeandling et al., 2008) thus to confirm the tsn1∆ strains were functional null 
mutant the level of Trax was also analysed by western blotting (Fig. 3.3), using anti trax 
antibodies. 
 
 
            
Figure 3.2 Western blot analyses of Tsn1 protein levels in wild-type and tsn1∆ strains. 
A protein blot of the tsn1∆ strains and tsn1+ control strains was probed with anti- Tsn1 antibody. A 
band migrating with an approximate molecular weight of 25 kDa is shown in the wild-type strains 
but not in the tsn1∆ strains. An anti-α-tubulin blot is shown as a loading control. 
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Figure 3.3 Western blot analyses of Trax protein levels in wild-type and tsn1∆ strains. 
Analysis of Trax protein in the tsn1∆ strains. The expected band size of the Trax protein (27 kDa) 
is seen for the wild-type strains but is not apparent or is reduced in the tsn1∆ strains. The Trax 
protein probed with polyclonal anti-Trax antibodies (Jaendling et al., 2008). 
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3.2.3 Microtubule inhibitor [thiabendazole (TBZ)] sensitivity tests 
Centromeres are heterochromatic regions required to form the link between the 
chromosome and the microtubules of the mitotic and meiotic spindle apparatus. The 
microtubule-destabilizing drug thiabendazole (TBZ) has antimitotic activity by inhibit 
microtubule functions; cells with defective centromere activity show sensitivity to sub-
lethal levels of TBZ. S. pombe has been selected as a model system to elucidate the 
function of Translin, as the RNAi pathway is conserved in S. pombe and they have 
complex, heterochromatic centromeres which require the RNAi pathway for their 
maintenance. Strains defective in the RNAi pathway are defective in the formation of 
centromeric heterochromatin capable of mediating transcriptional repression and exhibit 
sensitivity to sub-lethal levels of TBZ. We set out to establish whether tsn1Δ mutants were 
sensitive to TBZ, which might indicate defective RNAi regulation and defective 
centromere function. A previous study by the McFarlane group (Jaendling et al., 2008) did 
not observe any notable TBZ sensitivity in tsn1Δ strains, but these experiments were 
repeated here with new tsn1Δ strains to check this earlier observation.  To initiate this 
study new tsn1Δ strains were generated (BP1079, BP2720, BP2721, BP2722, BP2723, 
BP2724, BP2725), which were confirmed by PCR and Western blotting (Fig 3.2 and 3.3).  
The sensitivity of tsn1Δ strain to a range of concentrations of TBZ at different 
temperatures was tested. bub1Δ and ago1Δ  strains were used as controls (bub1 encodes 
the mitotic spindle checkpoint; ago1 encodes a known component of the RNAi machinery 
required for centromere function). Extensive analysis of TBZ sensitivities demonstrated 
that the tsn1Δ mutant showed no measureable sensitivity to TBZ, indicating it is not 
defective in microtubule-mediated chromosome segregation (Fig.3.4). 
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Figure 3.4 TBZ spot test of tsn1∆ single mutant. 
tsn1∆(BP1079) was tested for sensitivity to a range of concentrations of the microtubule inhibitor 
thiabendazole (TBZ). Sensitive to TBZ was tested at a range of temperatures (25°C, 30°C, 33°C, 
and 35°C) and TBZ concentrations. bub1Δ and ago1Δ both show increased sensitivity to TBZ 
relative to wild-type. The tsn1Δ mutant (BP1079) shows a similar level of sensitivity to the wild-
type at all temperatures and TBZ concentrations.  
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3.2.4 Analysis of gene silencing in heterochromatic regions.   
In the work described in this chapter we used a marker gene, ura4+, that is inserted in 
different heterochromatic sites of the S. pombe genome (for example, positions of 
ura4+ inserted into distinct positions within cen1 are shown in Fig.3.5). These sites include 
centromeres, telomeres, rDNA and the mating type loci. These inserts are used to test if 
Translin controls gene silencing in distinct genome regions. If the ura4+ is silenced cells 
can grow on 5-Fluoroorotic Acid (5-FOA). If it becomes de-repressed (active) the cells 
become sensitive to 5-FOA. 5-FOA sensitivity indicates a defect in heterochromatin-
mediated gene silencing.  
 
 
 
 
 
 
Figure 3.5 Centromeric region of S. pombe chromosomes. 
The diagram shows the artificial insertion of marker gene ura4+ into S. pombe centromeric 
heterochromatic region for cen1. The diagram shows the sites that the ura4+ gene has been 
introduced into in the three distinct heterochromatic sub regions of centromere I (cenI) in distinct 
strains (Adapted from Ekwall et al., 1999). 
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3.2.4.i Analysis of centromeric gene silencing  
Marker genes that are artificially inserted into the S. pombe centromeric heterochromatic 
regions become transcriptionally silent due to RNAi-mediated heterochromatin. 
The ura4+ gene has been introduced into the three heterochromatic sub regions of 
centromere I (cenI) the cnt1, imr1 and otr1 in distinct strains (Fig. 3.5). In all cases the 
ura4+ gene is silenced. Strains with ura4+ deleted at the endogenous locus carrying the 
centromeric silenced ura4+ gene can grow on 5-FOA but they become sensitive to 5-FOA 
when heterochromatin-mediated gene silencing becomes deregulated and centromeric 
ura4+ is expressed. To test whether loss of Translin function alleviates heterochromatin-
mediated silencing in centromeres tsn1Δ mutants carrying the ura4+ marker located in the 
three sub regions of the centromeres were generated as described previous (section 3.2.1). 
Sensitivity to 5-FOA was tested at a range of temperatures (25°C, 30°C, 33°C, 35°C) as 
centromeric silencing in wild-type cells exhibits a degree of temperature sensitivity 
(Ekwall et al., 1999). These data demonstrate that there is no difference in the centromeric 
silencing between the tsn1Δ strains as compare with the wild-type strains for all 
centromeric sub regions (Figure 3.6). An ago1Δ mutant was used as a control for strains 
defective in RNAi-mediated heterochromatin silencing. 
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Figure 3.6 Analysis of centromeric gene silencing in tsn1Δ mutants. 
Wt tsn1Δ and ago1Δ strains were tested for sensitivity to 5-Fluoroorotic Acid (5-FOA). Plates were 
incubated at 25°C, 30oC, 35 oC and 35oC for approximately 3 days. ago1Δ strains are a positive 
control as they are defective in gene silencing and exhibit  5-FOA sensitivity. Strains used were 
(BP1, BP90, BP2506, BP2388, BP2504, BP2388, BP2506, BP2386, BP2501, BP2203, and 
BP2420). 
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3.2.4.ii. Analysis of silencing in a tsn1Δ mutant at the rDNA  locus. 
Eukaryotic ribosomal RNA genes are located in a specialised region, the rDNA locus. The 
rDNA genes are organised as families of long tandem repeats on one or few chromosomes 
among yeast (Kobayashi et al., 2004). These regions can span from 100-120 tandem 
repeats in size. The RNA transcript from the rDNA constitutes a part of a matured 
ribosome. Transcription of reporter genes inserted into the rDNA locus  is silenced due to 
the heterochromatin nature of this region blocking access to RNA polymerase II (rRNA is 
transcript by RNA polymerase I) (Dubey, 2009 and Vasiljeva et al., 2008). However, the 
main role of heterochromatic rDNA may be to avoid the recombination and loss of rDNA 
tandem repeats (Vasiljeva et al., 2008). We employed a strain with ura4+ inserted into a 
heterochromatic region of the rDNA locus to determine whether tsn1 functioned to regulate 
rDNA heterochromatin-mediated gene silencing. These data demonstrate that there is no 
difference on media supplemented with 5-FOA effect on tsn1Δ strains as compare with the 
wild-type strains. 
75 
 
 
Figure 3.7 Analysis of rDNA gene silencing in single tsnlΔ mutants. 
The results illustrate that the wild- type strains and two independently generated tsn1Δ strains  have 
the same sensitivity level to 5-FOA. The plates were incubated at 25oC, 30oC, 33oC and  35oC. 
Strains used were (BP1, BP90, BP2704, BP2720, and BP2721). 
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3.2.4.iii. Analysis of silencing in a tsn1Δ mutant at the mat locus.  
Mating is a necessary step for a sexually reproducing organism. The mating-type locus in 
haploid cells of S. pombe is a characterised heterochromatic region. The S. pombe mating-
type loci are comprised of three cassettes: mat1, mat2P (h+) and mat3M (h-) (Fig. 3.8). 
Both mat2P (h+) and mat3M (h-) are transcriptionally inactive (Hansen et al., 2011; 
Vengrova and Dalgaard, 2004); whilst the mat1  locus which contains the genetic 
information of P or M is transcriptionally active, and determines the cell mating-type  
(Hansen et al., 2011). Upon starvation of nitrogen, switching occurs by transpositions of 
DNA by a recombination between the silent loci mat2 or mat3, into mat1 (Thon and Klar, 
1992). Therefore, h+ mating-type locus cells produce P pheromones and make M 
pheromone receptors for the opposite pheromone on the cell surface and versa vice (Klar, 
2007). In the presence of an appropriate mating partner the opposite kinds of haploid cells 
will conjugate to form a zygote following meiosis. The mating-type locus elements are 
targeted by RNAi to recruit chromatin modifiers and establish silent heterochromatin 
(Bayne et al., 2010). Heterochromatin in these sites is specified by H3K9me, and the 
presence of chromodomain proteins and hypoacetylation of histones (Hansen et al., 2011). 
cenH which is between mat2-P and mat3-M, (Fig. 3.9) is homologous to centromeric 
repeats and produces siRNAs and non-coding RNAs. These non-coding RNAs have the 
ability to guide the RNAi factors to somehow facilitate the H3K9me establishment. 
However, in mating-type loci RNAi is not necessary for H3K9me, since mutant of a vital 
RNAi component such as dcr1, ago1 are not distinguishable from wild-type (Hansen et al., 
2011). This is because in fission yeast there are two pathways responsible for gene 
repression and heterochromatin formation within the mating-type at (mat2/3). One is a 
siRNA-dependent pathway (see above), and the other is siRNA-independent pathway (Kim 
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et al., 2004; Yamada et al., 2005). The activating transcription factors Atf1 and Pcr1 which 
can bind Clr4, Swi6 and the histone deacetylase Clr6 are important for deacetylation of 
both H3 and H4, where this step is  very important  for subsequent  H3 lysine 9 
methylation histone by Clr4 (Kim  et al., 2004). We tested whether loss of Translin has an 
influence on mating-type silencing. To do this we used a strain background with the ura4+ 
marker inserted into heterochromatic regions which render it silent.  
 
Fig. 3.8 Diagram of mating type locus of S. pombe.   
The diagram shows the mating type locus of S. pombe on chromosome 2. mat2P and mat3M 
cassettes are shown. The black arrows show the recombination occurrence, that exchange the 
cassette at mat1 with the opposite mating-type loci information (adapted from Verdel and Moazed, 
2005)  
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Fig.3.9 Mating type region domains   
The regions of mating-type loci contain a domain called cenH, its size is around 3 kb and has 
identity of more than 96% with the dh/dg repeats of the centromeric otr repeats.  Adapted from 
(Verdel and Moazed, 2005). 
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Figure 3.10 Analysis of mat3-M gene silencing in single tsnlΔ mutants  
Dropped culture of Wt and tsn1Δ strains which plated on supplemented YEA at different 
temperature 25°C, 30°C, 33°C and 35°C. The data show no difference in sensitive between the 
wild-type and tsn1Δ strains. (BP1, BP90, BP2706, BP2724, and BP2725). 
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                3.2.4.iv. Analysis of gene silencing in subtelomeric heterochromatin in a tsn1Δ  
mutant.  
The ends of linear chromosomes in eukaryotic cells are stabilised by specialised DNA 
proteins (nucleoproteins) complex termed telomeres (Bah and Azzalin, 2012). The 
telomeres are fundamental for chromosome stability and for preventing loss of genetic 
material at chromosome ends during replication and they also avoid chromosomal 
rearrangement or fusing of chromosome to each other (Xin, 2008; Mandell, 2005). During 
the replication of DNA the telomeric DNA length become shorter but it is maintained and 
renewed by the enzyme telomerase (Ukimori et al., 2012). In mammals as well as in S. 
pombe the ends of telomeric DNA contain tandem substrate repeat sequences of DNA, 
where telomeric repeat in vertebrates are 5`-TTAGGG-3` elements, and in S. pombe with 
some variations in the length of G tracts,   5`-TTAC(A)GG(G1–4)-3` sequence (Bah and 
Azzalin, 2012; Chikashige et al., 1997). The extensions for vertebrates and S. pombe are 2-
50 kb and 300 bp respectively (Bah and Azzalin, 2012). The subtelomeric regions are also 
heterochromatic and are enriched for repetitive sequences; genes placed into these regions 
are also transcriptionally silenced, a phenomenon called telomere position effect (Blasco, 
2007; Allshire et al., 1995; Ekwall et al., 1995; Bah and Azzalin, 2012). Here we 
employed a ura4+ marker gene inserted into the sub-telomeric heterochromatic region to 
determine whether Translin functions to maintain the telomere positions effect. We did not 
observe any obvious decreased growth on media supplemented with 5-FOA effect on 
Translin deleted strains (Fig. 3.11). 
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Figure 3.11 Analysis of TEL gene silencing in single tsn1Δ mutants. 
At all temperatures tested the wild type and tsn1Δ show no difference in the sensitivity to 5-FOA. 
(BP1, BP90, BP2705, BP 2722, and BP2723). 
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3.2.5 TSA sensitivity tests  
TSA is HDAC (histone deacetylases) inhibitor which consider as class of anticancer agents 
(Alao et al., 2009; Kimata et al., 2008). HDACs have an essential function in 
heterochromatin formation and other epigenetic regulatory pathway (Kimata et al., 2008). 
To determine whether Translin deleted strains are affected by TSA, spot tests were 
employed. As shown in figure 3.12 tsn1Δ exhibited no increased sensitivity to TSA relative 
to the wild-type control, indicating it is not sensitive to mild HDAC inhibition. mis6-302 is 
a positive control and rec10:: KanMX6 and hop1:: KanMX6 strains were used to ensure 
there  was no influence on TSA sensitivity due to the KanMX6 cassette (rec10/ hop1 are 
meiosis-specific genes with no mitotic function). Slight sensitivity was seen in the isogenic 
wild-type strain (BP90) which is thought to be due to marker gene defects, which are 
suppressed by the introduction of the KanMX6  cassette as both rec10:: KanMX6  and 
hop1:: KanMX6  show the same suppressed as the tsn1:: KanMX6  strain.  A Trax:: 
KanMX6  shows no increased sensitivity, but the function of the Trax gene was not a major 
goal of  this study. 
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  Figure 3.12 Spot tests of effect of TSA on the growth of wild-type, mis6-302 (positive 
control), tsn1Δ, traxΔ.  
These strains were grown at 30oC and 33oC, on YEA with supplements, these dishes lacking or 
containing TSA (25 μg/ml). The tsn1Δ, traxΔ strains show no sensitive to the TSA.( BP1, BP90, 
P1079,1090,BP153 ,BP1731 ,BP846) 
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3.2.6 Minichromosome Loss Assay 
The centromere DNA which consists of central and outer heterochromatin play an essential 
function in accurate segregation of chromatids, and confirm faithful equivalent distribution 
of cell chromosomes throughout cell division in eukaryotic cells (Yanagida, 2005; Saitoh 
et al., 1997; Baum et al., 1994). Therefore, accurate centromere interaction with the 
mitotic spindle is vital for precise chromosome separation, and centromere instability can 
lead to chromosome loss and gain events (Saitoh et al., 1997; Ekwall, et al., 1999).  The 
central domain and a segment of heterochromatic outer repetitive area  are essential for an 
active centromere and accurate separation (Yanagida,  2005; Volpe et al., 2003) Given 
that, in S. pombe, factors that have a role in centromeric heterochromatin are essential for 
accurate separation of chromosome, mutation of RNAi regulatory genes alleviate the 
repression of centromeric marker genes and as well cause missegregation of chromosomes 
(for more detail refer to Introduction) (Sugiyama et al., 2005; Reddy et al., 2011; Ekwall, 
et al., 1999). In this chapter, we use a mini chromosome loss assay system in S. pombe for 
centromere function investigation. We have taken the approach of identifying tsn1 function 
for sister chromatids segregation by the colony color assay method, by using BP2294 as 
wild-type, BP 2472 (ago1:: KanMX6) as positive control and BP 2421 tsn1Δ. Our data 
shows that the tsn1Δ mutation does not have an affect on chromosome segregation in an 
otherwise wild-type background (Fig. 3.13). 
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Figure 3.13 Mini chromosome loss in tsn1∆ single mutant.  
Histograms are mean values of  tsn1∆ and a positive control ago1:: KanMX6  median values 
derived from 3 repeats of 7 indendent samples. Culture was tested at 30oC (top) and 35oC (bottom). 
Average colnoies counted 30°C: wt (2054), tsn1Δ (1776) and ago1Δ (1681) colonies. 35°C: were 
wt (2086), tsn1Δ (1709), ago1Δ (2054) respectively. Error bars are standard deviations. P values 
were derived by Student’s t-test and represent pair-wise comparisons between wild-type and 
mutant (tsn1Δ or ago1Δ).  NS= No significant. 
wt ago::G418R tsn1Δ
tsn1Δago1:: KanMX6wt
86 
 
3.3 Discussion 
 
3.3.1 tsn1 gene deletion 
Translin is an evolutionarily conserved 25 kDa and it may be involved in various 
biological processes (Jeandling and McFarlane, 2010). Translin has a binding partner 
protein known as Translin-associated factor X (Trax) 27 kDa which forms a specific 
complex with Translin, and Trax is depend on Translin for its stability, so in the absence of 
Translin, Trax protein is reduced (Jeandling et al., 2008). We have successfully isolated 
new tsn1∆ strains by using a PCR based deletion strategy (Bähler et al., 1998). These 
strains were confirmed by using PCR and western blotting methods. Which show that the 
tsn1∆ genes in these strains were deleted entirely. This strategy of mutant development 
was used extensively during the remainder of this study.  
 3.3.2 tsn1∆ single mutant strains are not effected by the microtubule inhibitor 
thiabendazole (TBZ)  
In confocal microscopic studies of the cell cycle in Human Embryonic Kidney (HEK) cells 
it was found that in prophase stage Translin was located at the centrosomes and in 
metaphase it was located on the mitotic spindle. After that it moves to the spindle 
midbodies throughout cytokinesis. This observation shows Translin may be implicated in 
processing of chromosome segregation and cytokinesis (Ishida et al., 2002), and that 
Translin associates with microtubules (Ishida et al., 2002). Therefore, Translin may have a 
role for microtubules stabilization. In S. pombe Translin single mutant cells, we found no 
increase sensitivity to the microtubule inhibitors TBZ. This suggests that if there is a role 
in microtubule dynamics or centromere function it is not essential or is redundant.  
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3.3.3 Centromeric gene silencing in tsn1Δ mutants. 
Centromeres are essential regions for chromosomes segregation and they interact with the 
spindle microtubules (MTs) (Pidoux and Allshire, 2005). The heterochromatin regions of 
centromeres in S. pombe are transcriptionally silent insertion of marker genes results in 
transcriptional repression (Pidoux and Allshire, 2005). The centromere is the essential 
component for accurate chromosome inheritance (Nechemia-Arbely et al., 2012). 
Deviation of centromeres by deregulation of centromeres structure is a character of several 
human cancers. Given that the formation of heterochromatin silencing in centromere outer 
repeat regions depends on the RNA interference machinery, we hypothesised Translin may 
have a role for RNAi- mediated gene silencing at centromeres given the fact it has been 
implicated in RNAi control (Liu et al., 2009).  However, in Translin single mutant strains, 
we found no loss of gene silencing function. This suggests there is no role for Translin in 
centromeric gene silencing, or it has a redundant role. 
                 3.3.4 No role of tsn1∆ single mutant in mating loci, rDNA and telomeres gene silent 
regions 
Mating loci (HM), telomeres, and rDNA repeats are transcriptionally silent regions 
(Michael et al., 2011). So the gene marker inserted inside these regions is important for 
study silencing and heterochromatin. The growth of tsn1Δ strains on media with 5-FOA 
was similar to wild-type. This finding may imply that Translin does not have any crucial 
role in maintaining or generating silencing in these regions. Thus, the data obtained in this 
chapter provide no functional link between Translin and a role in RNAi-mediated gene 
silencing/heterochromatin formation. However, in subsequent chapters a possible 
redundantly of function is investigated further. 
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3.3.5 tsn1∆ mutant does not cause increase  TSA sensitivity tests  
A histone deacetylase (HDAC) inhibitor, trichostatin A (TSA) is kind of anticancer agent 
(Kimata et al., 2008). In this study we used S. pombe as a model because it contains three 
HDACs similar to mammalian organisms (Kimata et al., 2008). HDACs have a role in 
heterochromatin formation and maintenance. TSA can cause disturbance of centromeric 
heterochromatin in addition to loss of chromosome. (Kimata et al., 2008). Our results show 
no sensitive in tsn1Δ strains for TSA. This further supports the notion that Translin does 
not provide a primary pathway for the establishment/maintenance of heterochromatin. 
3.3.6 No effect on chromosomes segregation stability 
Chromosomes contain distinct functional domains, which confirm faithful equivalent 
distribution of chromosomes throughout cell division (Saitoh et al., 1997; Baum et al., 
1994). The centromere DNA has  a essential function in correct sister chromatid 
segregation (Saitoh et al., 1997) where, the centromere serves as an attachment point  for 
spindle microtubules, and form kinetochores by interact with several proteins (Roay and 
Sanyal, 2011). In S. pombe the centromeres are linked with arrays of repetitive DNA 
nucleotides, where the outer repeat is heterochromatic and are needed for an active 
centromere (Volpe et al., 2003). The transcripts of these repeats uses   the RNAi machinery 
for creation and mediation of heterochromatin assembly (Volpe et al., 2003). Therefore 
mutation of RNAi proteins results to impair silencing and centromere function (Sugiyama 
et al., 2005; Reddy et al., 2011). The data in this chapter does not show a direct link 
between tsn1Δ and missegregation of chromosome and heterochromatin function. In the 
following chapter a redundant role in chromosome stability with RNAi pathway is 
investigated. 
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3.4 Conclusions   
1- Translin deleted S. pombe strains were successfully generated by using the PCR based 
gene deletion technique and confirm by western blotting  (Bähler et al., 1998). 
2- Single deletion of Translin demonstrates no temperature sensitivity to TBZ. 
3- Regions of heterochromatin exhibit no loss of gene silencing function in tsn1Δ strains. 
4- Loss of Translin does not result in measurable chromosome instability. 
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Chapter Four 
Analysis of Translin and RNAi-defective double mutants  
4.1 Introduction 
During mitosis sister centromeres capture the spindle microtubule via a multiprotein 
complex called the kinetochores (Cleveland et al., 2003).  At anaphase the attached sister-
chromatids separate towards the nuclear poles, resulting in identical daughter cells (Roay 
and Sanyal, 2011; Mythreye and Bloom, 2003). Mitotic and meiotic chromosome 
segregation is a high fidelity process, where faithful and equal distribution of 
chromosomes depends on a many process, such as the repair of DNA, chromosome 
condensation, correct arrangement of the spindle and sister chromatid segregation (Roay 
and Sanyal 2011; Javerzat et al., 1996). Therefore, abnormal separation of mitotic 
chromosomes results in genomic instability and is associated with cell proliferative 
diseases, such as cancer (Ishida et al., 2002). S. pombe centromeres require repetitive 
sequences for active centromeres, where the outer repeats (otr), composed 
of dg and dh elements are heterochromatic in nature (Volpe et al., 2003; Kagansky et al., 
2009). At these repeats  the RNA interference (RNAi) machinery plays an a crucial role  in 
heterochromatin assembly, assisting accurate separation of chromosomes (Volpe  et al., 
2003; Sugiyama  et al., 2005; Reddy et al., 2011). Therefore, deletions of RNAi 
component genes, for example, Argonaute (ago1), Dicer (dcr1) or RNA-dependent RNA 
polymerase (rdp1) impair heterochromatin-mediated silencing and centromere function 
(Reddy et al., 2011; Sugiyama et al., 2005). Consequently, these mutants leads to 
increased loss of chromosomes, lagging chromosomes on late anaphase spindles and 
hypersensitivity to microtubule-destabilizing agents such as thiabendazole (TBZ) (Pidoux 
and Allshire, 2005; Reddy et al., 2011). 
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 A minichromosome loss assay system is useful to study S. pombe centromeric function, 
where a minichromosome carries a whole S. pombe centromeric DNA region which is a 
mitotically stable (Reddy et al., 2011). In the case of RNAi mutants, like dcr1Δ, S. pombe 
cells lose pericentric heterochromatin function, resulting in chromosome missegregation 
and minichromosome instability (Reddy et al., 2011; Volpe et al., 2003; Bayne et al. 2010 
; Javerzat et al, 1996). In Drosophila, the Trax/Translin heteromers, form a complex called  
C3PO, which may be implicated in siRNA-mediated silencing by activation of RNA-
induced silencing complex (RISC), where C3PO has the ability to facilitate  
endonucleolytic cleavage of the siRNA passenger strand (for more details see the 
Introduction) (Jaendling and McFarlane, 2010; Liu et al., 2011). Moreover, there is a 
relationship between the rate of cell division and Translin levels in mammalians cells 
(Ishida et al., 2002). Confocal microscopic studies have shown that Translin is placed at 
the centrosomes at prophase; in addition, Translin was detected on the mitotic spindle at 
metaphase, after that in late telophase Translin migrated to midbodies (Fukuda et al., 2008; 
Ishida et al., 2002). These findings propose that Translin may have a role in regulating cell 
proliferation. Other evidence has proposed that Translin may be  implicated in the DNA 
damage response, as the levels of Translin are elevated in nucleus when  mammalian cells 
are treated with DNA damage, for example,  ionizing irradiation and oxidative stress 
(Fukuda et al., 2008; Ishida et al., 2002; Yang et al., 2004; Kasai et al., 1997). However, 
the role of Translin in the nucleus in response to DNA damaging is unclear. In Chapter 3 
we find no loss of heterochromatin silencing, no evidence for increase genome instability 
or cell division defects in tsn1Δ single mutants. However, given Translin role in the C3PO 
complex of Drosophila we speculated that Translin might have functions which are 
redundant with components of the RNAi machinery. In this chapter this hypothesis is 
tested by construction and analysing a number of double mutants of tsn1Δ and 
dcr1Δ/ago1Δ to determine whether these mutants exhibit defects more severe than dcr1Δ 
or ago1Δ mutants alone. 
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4.2 Results 
4.2.1 Strains construction 
Given that tsn1Δ mutants possibly have a meiotic haploinsuficiency defect which results in 
progenitor strains with phenotypic abnormalities (McFarlane, personal communication), 
we made all required double mutants using the direct deletion method (Bähler et al., 1998). 
dcr1Δ and ago1Δ null  mutants were constructed using the same PCR based gene targeting 
method. Primers were designed that had 100 bp of homology to the sequence immediately 
upstream and downstream of the dcr1 and ago1  open reading frames (ORF) and 20 bp of 
homology to the plasmid pAW1 (Watson et al.,  2008) which carries the ura4+ gene as the 
selectable marker for deletion strain construction. The PCR product (Figure 4.1) for the 
wild-type dcr1+ gene should give a band of roughly 4409 kb and a band of 2155 kp for the 
knockout strains. For the wild-type  ago1+ gene the PCR product sizes should be  3322 kb 
and 2317 kb for the  knockout strains (Figure 4.2). The whole homologous cassette (Bähler 
et al., 1998) was chemically transformed to a S. pombe haploid strain (BP90), which carry 
the background markers  h- ade6-M26 ura4-D18 leu1-32 for  single dcr1Δ or ago1Δ and 
also into tsn1Δ null mutant strain  BP1079 for double mutants strains (tsn1Δ  dcr1Δ) and 
(tsn1Δ ago1Δ). 
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Figure 4.1 PCR results for dcr1Δ strain construction.  
A. Schematic illustration of the sites of the screening primers used and the size of expected PCR 
product for wild-type. B. The schematic demonstrates the sites of the screening primers used and 
the size of expected PCR product for knockout strains. C. DNA from  the candidate dcr1Δ strains 
subject to a variety of PCR primers where imaging of agarose gel viewing PCR products by using 
primers P17 and P18 from wild-type strain and the dcr1Δ haploid strains. The expected product 
size of P17 and P18 in the wild-type strain is ~4000 bp and ~2155 bp in the knockout. Primers P21-
P22 and P19-P20 produce ~2000 bp and ~1200 bp in wild-type respectively, and no product was 
generated in the dcr1Δ strain, this is further confirmation that ura4+ has replaced the dcr1in tsn1∆ 
strains.  
A
B 
C 
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Figure 4.2 PCR results for ago1Δ strains.  
A. Schematic illustration of the sites of the screening primers used and the size of expected PCR 
product for wild-type. B. The schematic demonstrates the sites of the screening primers used and 
the size of expected PCR product for knockout strains. C. DNA from the candidate ago1Δ strains 
subject to a variety of PCR primers where imaging of agarose gel viewing PCR products by using 
primers from wild-type strain and the ago1Δ haploid strains. The expected product size of P 9 and 
P10 in the wild-type strain is ~3322 bp and ~2317 bp in the knockout. Primers P21-P22 and P11-
P12 produce ~1570 bp and 1000 bp in wild-type respectively, and no product was generated in the 
ago1Δ strain, this is further confirmation that ura4+ has replaced the ago1 in tsn1∆ strains.  
A 
B 
C 
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                4.2.2 Microtubule destabiliser sensitivity tests of tsn1∆ ago1Δ and tsn1∆ dcr1∆  double 
mutant strains 
The centromere is the chromosomal site where kinetochores assembly occurs for spindle 
attachment and separation of chromosome to daughter cells (Choi et al., 2011; Allshire, 
2001). S. pombe centromeres are surrounded by inverted arrays of pericentromeric DNA, 
embedded in heterochromatin which is necessary for their normal function, and so it is 
required for segregation of chromosomes (Djupedal and  Ekwall 2009; Goto and 
Nakayama, 2012). In S. pombe accurate centromeres function requires RNAi to generate 
histone modification for heterochromatin formation (Zaratiegui et al., 2011; Kamminga et 
al., 2011). The microtubule-destabilizing drug thiabendazole (TBZ) has antimitotic activity 
by inhibition of microtubule functions. Cells with defective centromere activity show 
sensitivity to sub-lethal levels of TBZ. Given that Translin has been implicated in RNAi 
regulation in Drosophila and humans we set out to further explore TBZ sensitivity of tsn1∆ 
/ RNAi double mutants. In the previous chapter we tested single tsn1∆ mutants for TBZ 
sensitivity and found no increased TBZ sensitivity. Here we tested double mutant strains 
(Figure 4.3), where we tested two independently generated double mutant strains for both 
ago1Δ and dcr1∆ BP2759, BP2760 (both ago1Δ tsn1∆) and BP2748, BP2749 (both dcr1∆ 
tsn1∆), and the single mutants BP2758 (ago1Δ), BP2747 (dcr1∆), BP1079 (tsn1∆), to 
determine if the double mutant has any increased sensitivity to sub-lethal levels of TBZ by 
using spot test assays. Plates were incubated for 3-4 days at 30ºC, 33ºC, 35ºC. Double 
dcr1∆ tsn1∆ mutants strains BP2748, BP2749 were found to be more sensitive to TBZ 
than either the dcr1Δ or tsn1Δ single mutant strains. We initially used 15 µg/ml and 12.5 
µg/ml TBZ at a range of temperatures (Figures 4.3 and 4.4). 15 µg/ml TBZ was toxic to 
most of the  dcr1∆ and ago1Δ strains, but use of 12.5  µg/ml appeared to demonstrate that 
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the dcr1∆ tsn1∆ strains were more sensitive to TBZ than the dcr1∆ single mutant or the 
tsn1∆ single mutant, which exhibited wild-type resistance to this level of TBZ. This was 
apparent at all temperatures tested (Figure 4.4). To gain greater resolution of sensitivity 
differences we reduced the TBZ concentration to  10 µg/ml; at this concentration a clear 
sensitivity difference of at least 10-fold can be seen between dcr1∆ tsn1∆ double mutants 
and the dcr1∆ single mutant (Figure 4.5). Interestingly, the ago1Δ exhibits a greater 
sensitivity to TBZ than the dcr1∆ single mutant, and the ago1Δ tsn1∆ double mutants do 
not exhibit increased sensitivity to TBZ relative to the ago1Δ single mutant. These data 
clearly distinguish the relationship between Translin and the different RNAi component 
genes ago1Δ and dcr1∆. 
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Fig. 4.3  TBZ sensitivity assay using 15 µg/ml TBZ.  
Cells were spotted on media contain 15 µg/ml TBZ and incubated at 30oC, 33oC and 35oC for 
approximately 3 days, where  tsn1Δ single mutant demonstrate no sensitivity to the microtubule 
inhibitors thiabendazole (TBZ) at all different temperatures  as compared to the control strain. 
However both dcr1Δ tsn1Δ double mutant strains BP2748, BP2749 (dcr1∆ tsn1∆) show more 
sensitivity to TBZ at all different and temperatures. 
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Fig. 4.4 TBZ sensitivity assay using 12.5 µl/ml TBZ.  
Cells were spotted on media contain 12.5 µg/ml TBZ and incubated at 30oC, 33oC and 35oC for 
approximately 3 days, where  tsn1Δ single mutant demonstrate no sensitivity to the microtubule 
inhibitors thiabendazole (TBZ) at both dcr1∆ tsn1∆ different temperatures as compared to the 
control strain. However both tsn1Δ dcr1Δ double mutant strains BP2748, BP2749 (dcr1∆ tsn1∆) 
show more sensitivity to TBZ at all different and temperatures.  
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Figure 4.5 TBZ sensitivity assay using 10 µl/ml TBZ.  
Cells were spotted on media contain 10 µg/ml TBZ and incubated at 30oC and 33oC and for 
approximately 3 days, where tsn1Δ single mutant demonstrate no sensitivity to the microtubule 
inhibitors thiabendazole (TBZ) at all different temperatures as compared to the control strain. 
However both dcr1∆ tsn1∆ double mutant strains BP2748, BP2749 (dcr1∆ tsn1∆) show more 
sensitivity to TBZ  at both temperatures.  
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4.2.3 Minichromosome Loss Assay Experiment 
Mitotic chromosome division is a highly precise mechanism and requires a large number 
of gene product functions for ensuring the preservation of chromosomal euploidy of 
dividing eukaryotic cells (Javerzat et al., 1996). Segregation of chromosome during mitosis 
depends upon a number of processes such as the spindle apparatus and the centromere-
associated kinetochores (Corbett et al., 2010). Chromosome instability can be readily 
tested in S. pombe using a strain carrying an artificial non-essential minichromosome, 
which has a high stability in mitotically dividing cells (Javerzat et al., 1996). In S. pombe a 
derivative of chromosome III Chr16 R, carries an ade6-M216 allele; the full length 
chromosome III carries an ade6-M210 allele; ade6-M210 and ade6-M216 are 
complementary and confer prototrophy. When the minichromosome is lost cells loose the 
ade6-M216 allele and colonies become red when grown on limiting adenine (as found in 
YEA) due to a red pigment building up due to the disruption of the adenine biosynthetic 
way. So Loss of the minichromosome by loss of chromosome segregation function or 
DNA damage results in visualization of red colonies or white/red sectored colonies (Figure 
4.6). To determine mini chromosome loss frequencies fluctuation analysis were carried 
out. All strains were grown to saturation  in liquid medium with  adenine before being  
plated, onto  low- adenine medium (YEA) and the number of completely red colonies was 
counted as a measure of cells in the liquid culture which had lost the minichromosome. 
The number of red colonies was then divided by the total number of colonies to give 
frequency of minichromosome loss. Median values from 7 independent cultures were 
obtained; this was repeated three times for each strains and mean values of the medians 
were plotted. Here, in order to identify whether the single and double deletion strains have 
increased loss of the mini chromosome we generate strains containing the mini 
101 
 
chromosome and the corresponding ade6-M210 allele on chromosome III; BP2294 is the 
wild-type, single knockout strains are  BP2421 (tsn1Δ), BP2894 (dcr1∆), BP2973(ago1Δ),  
and double mutants strains are BP2977 (ago1Δ tsn1∆) and BP2899 (dcr1∆ tsn1∆). All 
strains were constructed by direct gene deletion and checked by PCR as previously 
described. The results demonstrate the dcr1∆ and ago1Δ single mutant strains have a mini 
chromosome loss phenotype, as expected. However, as for the TBZ sensitivity assay, the 
dcr1∆ tsn1Δ strain has an elevated mini chromosome instability compared to the dcr1∆ or 
tsn1∆ single mutants (Figure 4.7). Again, as with the TBZ sensitivity assay, the ago1∆ 
tsn1∆ exhibited similar level to the ago1∆ single mutant.  
 
 
 Fig. 4.6 Example of mini chromosome loss phenotype. 
Pictures were taken after 4 days of strains growth at 30oC, when the colour was completely 
developed. BP2294 as wild-type, as the images shows a white colonies.  Mini chromosome loss in 
strains missing (dcr1∆ tsn1∆) result to form red colonies. 
dcr1∆ tsn1∆wt
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Figure 4.7 Increased mini chromosome loss in dcr1∆ tsn1∆ double mutant.  
Histograms are mean values of three independently generated median values derived from sets of 
seven cultures per strain raw data can be found in Appendix I. Cultures were tested at 30oC (top) 
and 35oC (bottom). There is significant increase in the rate of chromosome loss in tsn1Δ dcr1Δ 
mutants compare to a single dcr1Δ at both  temperatures. Error bars are standard deviations. P 
values were derived by Student’s  t-test. BP2294 is BP2421 (tsn1Δ), BP2894 (dcr1∆), 
BP2973(ago1Δ),  BP2977 (ago1Δ tsn1∆) and BP2899 (dcr1∆ tsn1∆). 
tsn1Δ dcr1Δ tsn1Δdcr1Δ ago1 tsn1Δago1Δ wt 
Wt tsn1Δ dcr1Δ tsn1Δdcr1 ago1Δ tsn1Δago1Δ 
P>0.05
P>0.05
P<0.05
P>0.05 
P<0.05
P>0.05 
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                4.2.4 DNA damage sensitivity tests of tsn1∆ ago1Δ and tsn1∆   dcr1∆ double mutant 
strains 
Due to increased sensitivity of the dcr1Δ tsn1Δ double mutants to TBZ and the increased 
mini chromosome instability, in conjunction with the fact Translin has been implicated in 
DNA repair, we set out to test whether the double mutants had greater chromosome 
instability due to failure to repair DNA damage. We tested  for sensitivity to a range of 
DNA damaging agents, campthothecin which inhibit DNA enzyme topoisomerase1 
(Fig.4.8), methyl methane sulfonate (MMS) which is considered as an alkylating agent and 
cancerogenic  (Fig 4.9), phleomycin is antibiotic  that intercalates DNA (Fig. 4.10), UV 
irradiation (Fig 4.11), mitomycin C (MMC) is a potent  DNA crosslinker (Fig 4.12), which 
cover a range of types of DNA damage, and the DNA replication inhibitor hydroxyurea 
(HU) (Fig 4.13). All double mutants lacked significant sensitivity to any of the DNA 
damaged agents at all the temperatures tested (see Figures 4.8- 4.13). A rad3Δ (check point 
defective) mutant strain was used as a positive control to demonstrate the DNA damaging 
agents were active.  
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Fig.4.8 Camptothecin spot tests of tsn1∆ single and double mutants.  
The tsn1∆ double mutants strains tested (ago1Δ tsn1∆), (dcr1∆ tsn1∆), demonstrate no increase in 
sensitivity to CPT compared to wild-type at 30oC. rad3∆ cells were used as a positive control.  
 
 
Fig. 4.9 MMS sensitivity test.  
Dropped cultures of double mutant (ago1Δ tsn1∆) (dcr1∆ tsn1∆), strains did not show any 
sensitivity as compared to the wild-type strain to MMS. rad3Δ strain used as a positive control. 
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Fig. 4.10 Phleomycin sensitivity test.  
Phleomycin spot tests demonstrate that ago1Δ tsn1∆ , dcr1∆ tsn1∆double mutants  do not  exhibits 
any  increased sensitivity to  phleomycin compared to wild-type strain. rad3Δ strain used as a 
positive control. 
 
 
 
 
Figure 4.11 UV irradiation sensitivity test.  
DNA damage sensitivity tests demonstrate that ago1Δ tsn1∆ , dcr1∆ tsn1∆   double mutants show 
no increase in sensitivity to UV relative to wild-type cells. rad3Δ strain used as a positive control. 
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Figure 4.12 Mitomycin C sensitivity test.  
Spot tests demonstrate non specific sensitivity to Mitomycin C for ago1Δ tsn1∆, dcr1∆ tsn1∆ 
double mutant strains relative to the wild-type. rad3Δ strain used as a positive control. 
 
 
Figure  4.13 HU sensitivity tests.  
Spot tests demonestrate non-specific senesitivity to HU for ago1Δ tsn1∆, dcr1∆ tsn1∆ double 
mutants relative to the wild-type. rad3Δ strain used as a positive control. 
107 
 
 
4.3 Discussion 
                 4.3.1 Hypersensitivity to a microtubule poison in double mutant strains (tsn1∆  dcr1∆)  
Centromeres are heterochromatic regions required to form the link between the 
chromosome and the microtubules of the mitotic and meiotic spindle apparatus, integrity of 
centromeric heterochromatin requires the RNAi machinery (Murakami et al., 2007). Cells 
with defective centromere activity are normally sensitivity to sub-lethal levels of 
microtubule destabilizing drugs such as thiabendazole, TBZ (Murakami et al., 2007). 
Translin may have a role in cell proliferation, as in confocal microscopic studies of the cell 
cycle in Human Embryonic Kidney (HEK) cells, has demonstrated an enrichment of 
Translin at the centrosomes and in metaphase it is placed on mitotic spindles and mid-
bodies (Ishida et al., 2002; Yang and Hecht 2004; Jaendling and McFarlane, 2010). 
Consistent with this, diminution of Translin or Trax by RNAi slows cell division (Yang 
and Hecht 2004).  We examined whether this was also the case for the single mutant tsn1Δ 
and double mutants (tsn1Δ dcr1Δ/ tsn1Δ ago1Δ).  
The finding that tsn1Δdcr1Δ mutants are more sensitive to TBZ than the dcr1Δ single 
mutant demonstrates that Translin plays a role in cell survival in response to microtubule 
destabilisation in the absence of dicer. The fact that both independently isolated 
tsn1Δdcr1Δ strains behave in the same fashion indicates that this is a real observation and 
is unlikely to be due to an aberrant secondary mutation developed during the construction 
of the double mutant. This is the first observation of a reproducible and significant 
biological defect attributable to loss of Translin function in S. pombe. Moreover, other 
observations of reported functional defects ascribed to loss of Translin function are subtle, 
at best, making this the first major functional role identified for Translin. 
108 
 
One possible explanation for this observation is that Translin plays a role in the RNAi 
pathway which is not essential when dicer is present, but plays a subsidiary role in the 
absence of dicer, although it cannot completely compensate for loss of dicer as dcr1Δ 
single mutant exhibits significant sensitivity to TBZ. Translin has been reported to be 
associated with RNAse activity and it may be the case that this RNAse activity can fulfil a 
role in a dicer-independent pathway which can maintain heterochromatin function. If loss 
of Translin in the absence of dicer results in a further defect in heterochromatin function at 
centromeres, then this would account for the increased sensitivity to TBZ observed here. In 
the next chapter the question of whether Translin plays a role in centromeric 
heterochromatin in the absence of dicer is addressed directly. 
Interestingly, the increased sensitive to TBZ is not seen for DNA damaging agents, and so 
the proposal that loss of Translin could result in general cellular defect due to defects in 
processing tRNA precursors (Li et al., 2012) does not seem to provide a credible 
explanation for the functional specificity seen here. 
Another compelling observation to come from these studies is that whilst the tsn1Δdcr1Δ 
exhibits increased sensitivity to TBZ relative to the dcr1Δ single mutant, the tsn1Δ ago1Δ 
only exhibits the same sensitivity as the ago1Δ. This places Translin in the same genetic 
pathway as argonaute and suggests that an argonaute pathway utilises both Translin and 
dicer, but is predominantly reliant upon dicer. 
 
              4. 3.2. No sensitivity for DNA damage test of tsn1∆ ago1Δ and tsn1∆ dcr1∆ double   
mutants.  
Translin has been  implicated in DNA damage response, where in Hela cells  nuclear 
Translin levels are increased when these cells are treated with DNA damage agents 
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Mitomycin C and Cisplatin (Fukuda et al., 2008; Ishida et al., 2002; Yang et al., 2004; 
Kasai et al., 1997). However, we found that none of our single or double mutants are 
sensitive to DNA damage. This observation is consistent with previous studies in  
Drosophila embryos  which found no increase  in sensitive to DNA damage agents in 
Translin mutants compare to wild-type (Yang et al., 2004; Clauβen et al., 2006). All single 
mutant (tsn1∆) strains and double mutants (tsn1∆ dcr1Δ, tsn1∆ agoΔ) were tested for 
sensitivity to camptothecin, methyl methane sulfonate (MMS), phleomycin, UV, 
mitomycin C, and HU. These strains demonstrated no sensitivity to any of the agents, these 
observation suggest that Translin does not have a role in DNA damage recovery in the 
presence or absence of RNAi regulators. 
4.3.3. Enhanced chromosomal instability in the absence of dicer and Translin  
The mini chromosome loss assays are consistent with the TBZ assays, which indicate that 
the enhanced sensitivity of the tsn1Δdcr1Δ double mutants is related to enhanced genome 
instability. This instability is not related to decreased ability to cope with DNA damage as 
we have demonstrated that the double mutants can cope well with a wide range of types 
DNA damage. Thus it appears from this work that Translin does indeed play a role in 
maintaining chromosome stability, but only in the absence of dicer. Whether this is due to 
defective heterochromatin formation and centromere function will be addressed in the 
following chapter. 
4.4 Conclusions 
 Translin plays a dicer-independent biological role in maintaining genome stability. 
 The role of Translin in maintaining genome stability is not a requirement to mediate the 
response to DNA damage. 
 It remains unknown whether Translin functions to maintain heterochromatin function. 
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Chapter Five  
Analysis of Translin double mutants and  centromeric gene silenicing  
5.1 Introduction  
Genomes of unicellular eukaryotes, such as S. pombe, have large blocks of 
heterochromatin, this includes centromeres, telomeres, the silent mating type locus, and the 
ribosomal DNA (rDNA) (Reyes-Turcu et al., 2012; Noma et al., 2004; Allshire et al., 
1994; Huisinga et al., 2009). Marker genes inserted within these regions are repressed and 
subjected to gene silencing (Huisinga et al., 2009). Heterochromatin has a crucial role in 
the regulation of transcriptional repression, genomic stability, gene regulation, and 
segregation of chromosomes during mitotic and meiotic cell proliferation (Trewick et al., 
2007; Sugiyama et al., 2005; Ekwall et al., 1999; Steiner et al., 1993). S. pombe has three 
chromosomes each one has a complex centromeric regions of different sizes occupying 38, 
65, and 97 kb of DNA (Allshire, 1996). All of these centromeres contain inverted repeated 
(nontranscribed) DNA sequences of the inner most repeats (imr) and heterochromatic outer 
repeats (otr; also termed K repeats) (Huisinga et al., 2009; Smirnova and McFarlane, 2002; 
Trewick et al., 2007). In the previous chapter it was demonstrated that Translin has a 
redundant role to dicer in maintaining chromosome stability. Given role of dicer in 
controlling centromeric heterochromatin it was hypothesised that the increased mini 
chromosome instability in the tsn1Δ dcr1Δ double mutant was due to an increased 
defectiveness of centromeric heterochromatin/centromeric function. In this chapter this 
hypothesis is tested by exploring the level of gene silencing in the distinct centromeric 
domains in tsn1Δ dcr1Δ double mutants. 
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5.2 Results  
5.2.1 Strains construction 
In previous experiments we construct mutant strains using the ura4+ gene as the selectable 
marker (see section 4.2), and the antibiotic resistance cassette kanMX6. However, in the 
current experiments use the ura4+ gene as the reporter marker used to measure centromeric 
gene silencing. Moreover, unlike nutritional markers, antibiotic markers are not likely to 
have an effect on the growth rate, thus dcr1Δ and ago1Δ null mutant constructions were 
based on the natMX6,  nourseothricin resistance system described in Bähler et al. (1998), 
Gene deletion primers were designed that had 120 bp of homology to the sequence 
immediately upstream and downstream of the dcr1 and ago1  open reading frame (ORF) 
and 20 bp of homology to the  pFA6a plasmid which contained the natMX6 marker gene  
(Hentges  et al.,  2005). Candidate strains were selected by nourseothricin resistance and 
correct gene deletion were confirmed PCR (Figure 5.1 and 5.2). 
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Figure 5.1 PCR bands for dcr1Δ strain construction.  
A. Schematic illustration of the sites of the screening primers used and the size of expected PCR 
product for wild-type. B. The schematic demonstrates the sites of the screening primers used and 
the size of expected PCR product for knockout strains by using natMX6 cassette .C. DNA from  
candidate dcr1Δ strains subject to a variety of PCR primers where imaging of agarose gel viewing 
PCR products by using primers P23 and P24 from wild-type strain and the dcr1Δ haploid strains. 
The expected product size of P23 and P24 for the wild-type strain is ~4400 bp and ~1500 bp for the 
knockout. Primers P27-P28 and P29-P30 produce ~500 bp and ~1000 bp for the knockout 
respectively, and no product was generated in the dcr1Δ strain for primers P25-P26 while in wild-
type is ~1100 bp, this is further confirmation that natMX6 has replaced the dcr1 gene in tsn1∆ 
strains.  
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Figure 5.2 PCR bands for ago1Δ strain construction.  
A. Schematic illustration of the sites of the screening primers used and the size of expected PCR 
product for wild-type. B. The schematic demonstrates the sites of the screening primers used and 
the size of expected PCR product for knockout strains by using natMX6 cassette .C. DNA from  the 
candidate ago1Δ strains subject to a variety of PCR primers where imaging of agarose gel viewing 
PCR products by using primers P31 and P32 from wild-type strain and the ago1Δ haploid strains. 
The expected product size of P31 and P32 for the wild-type strain is ~3300 bp and ~1700 bp for the 
knockout. Primers P35-P36 and P37-P38 produce ~600 bp and ~1000 bp in knockout respectively, 
and no product was generated in the ago1Δ strain for primers P33-P34 while in wild-type is ~850 
bp, this is further confirmation that natMX6 has replaced the ago1Δ in tsn1∆ strains.  
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 Figure 5.3 The Schematic demonstrates centromere 1. 
 It consists of a central core (cnt) of nonrepetitive sequence flanked by innermost repeats (imr) and    
outer repeats (otr) placing of marker ura4+ genes wherever in the centromere results in their 
transcriptional repression (Adapted from Ekwall  et al., 1999; Pidoux and Allshire, 2005). 
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5.2.2. Analysis of centromeric gene silencing in double mutants 
Centromeres play a crucial function in chromosome separation (Rudd et al.,   2003). 
Whereas it is a particular chromosomal section that play as a place for protein–DNA and 
protein–protein connections to make the kinetochore construction and for accurate 
chromosome separation (Howman et al., 200; Goshima et al., 1999). Several human cancer 
demonstrate abnormal chromosome segregation, as result of   deregulation of centromeric 
integrity, these changes reflect deregulation of the centromeres function (Frescas et al., 
2008; Manning et al., 2010). Consistently,  in S. pombe the RNAi pathway is necessary for 
the construction of pericentric heterochromatin and accurate chromosome separation 
(Reddy et al., 2011). For functional analysis of centromeres,  marker genes that are 
artificially inserted into the S. pombe centromeric heterochromatic regions has allowed the 
identification of mutations which interrupt the structure of this repressed  chromatin and 
allowing expression of marker gene ( Volpe et al ., 2003). Therefore,  transcriptionally 
silent due to RNAi-mediated heterochromatin and strains with ura4+ deleted at the 
endogenous locus carrying the centromeric silenced ura4+ gene can grow on 5-FOA but 
they become sensitive to 5-FOA, a drug which is toxic to  ura4+  cells when 
heterochromatin-mediated gene silencing becomes deregulated and centromeric ura4+ is 
expressed. The ura4+ gene has been introduced into the three heterochromatic sub regions 
of centromere I (cenI) the cnt1, imr1 and otr1 in distinct strains (refer to Fig. 5.3). To test 
whether a double mutant of tsn1Δ dcr1 Δ or tsn1Δ and ago1 Δ   alleviates heterochromatin-
mediated silencing in centromeres carrying the ura4+ marker located in the three sub 
regions of the centromeres were generated. Saturated cultures from a series of five-fold 
dilutions were spotted onto YEA, supplemented EMM, EMM lacking uracil to assess the 
low levels of ura4+ expression  and 500 µg/ml 5-FOA plates to evaluate expression of 
ura4+  genes form centromere. Sensitivity to 5-FOA was tested at a range of temperatures 
(30°C, 33°C, 35°C).  
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5.2.2.i. cnt1:: ura4+   
At all temperature the Translin single mutant exhibited full suppression of the ura4+  
marker gene indicating heterochromatic silencing was fully functional. In both ago1Δ and 
dcr1Δ single mutants silencing was deregulated, but no additional defect was apparent in 
the double mutant (Figure 5.4). 
 
 
 
Figure 5.4 5-FOA experiment cnt double mutants.  
wt BP1, isogenic wt BP90,parents mutants strains BP2203 , BP2418 (tsn1Δ), BP3001 (ago1Δ), 
BP3103 (dcr1Δ), BP 2989 (dcr1 Δ, tsn1Δ), BP 3111 (tsn1Δ, ago1Δ), were spotted on YEA media  
and  plates containing  500 ug/ml 5-FOA, and minimal media wher the ura concentration was 
200mg/L. Growth of null mutants at, 30oC, 33oC, 35oC for approximately 3 days. Growth tested of 
(dcr1 Δ tsn1Δ) and (tsn1Δ ago1Δ), do not appear more sensitive to (5-FOA). 
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5.2.2.ii. imr1:: ura4+   
At all temperature the Translin single mutant exhibited full suppression of the ura4+  
marker gene indicating heterochromatic silencing was fully functional. In both ago1Δ and 
dcr1Δ single mutants silencing was deregulated, but no additional defect was apparent in 
the double mutant (Figure 5.5).  
 
Figure 5.5 5-FOA Experiment imr double mutants.  
 wt BP1, isogenic wt BP90, parents mutants strains BP2506, BP2500 (tsn1Δ), BP3005 (ago1Δ), 
BP3028 dcr1 Δ , BP 3026 ( dcr1 Δ, tsn1Δ), BP3003 (tsn1Δ ago1Δ), were spotted  in serial dilution 
on YEA and  plates containing  500 ug/ml 5-FOA, and minimal media. Growth of single and 
double mutants at, 30oC, 33oC, 35oC for approximately 3 days. Growth tested of (dcr1 Δ tsn1Δ) and 
(tsn1Δ ago1Δ), do not appear more sensitive to 5-FOA. 
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5.2.2.iii. otr1:: ura4+   
At all temperature the Translin single mutant exhibited full suppression of the ura4+ 
marker gene indicating heterochromatic silencing was fully functional. In both ago1Δ and 
dcr1Δ single mutants silencing was deregulated, but no additional defect was apparent in 
the double mutant (Figure 5.6). 
 
Figure 5.6 5-FOA Experiment otr double mutants .  
Whole single and double mutants were tested for growth at three different temperature, 30oC, 33oC, 
35oC for approximately 3 days. wt BP1, isogenic wt BP90, parents mutants strains BP2204, 
BP2420 (tsn1Δ), BP3109 (ago1Δ), BP2985 dcr1 Δ, BP 3024 ( dcr1 Δ tsn1Δ), BP2995 (tsn1Δ 
ago1Δ), were spotted  in serial dilution on YEA and  plates containing  500 ug/ml 5-FOA, and 
minimal media.  Growth tested of (dcr1 Δ tsn1Δ) and (tsn1Δ ago1Δ), do not appear more sensitive 
to 5-FOA. 
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5.3 Discussion       
Centromere of S. pombe is composed of large inverted repetitive elements and two discrete 
repressed domains that are together necessary for centromere function. These regions are 
transcriptionally silent and insertion of marker genes results in transcriptional repression of 
the markers gene (Pidoux and Allshire, 2005; Partridge et al., 2002).  This feature of 
centromeres silencing is frequently used as a genetic means to measure centromeres 
functionality. Given that we found the tsn1Δ dcr1Δ double mutant to exhibit a greater 
sensitivity to TBZ and enhanced mini chromosome instability (Chapter 4), in combination 
with a possible link to RNAi function, we predicted that this was caused by a secondary 
pathway in centromere heterochromatin maintenance. Surprisingly, no additional defect in 
silencing at cnt1, imr1, or otr1 regions was observed. This suggests that there is no 
measurable additional defect in the centromeres in the double mutants, particularly tsn1Δ 
dcr1Δ. Whilst this means of measuring centromere function might have missed a subtle 
additional defect, we believe to be unlikely as the additional TBZ sensitivity and 
chromosome instability were marked. 
This finding leads to the speculation that other regions of genomic heterochromatin, such 
as the telomeres, the rDNA locus and/or the mating-type developmental locus might be 
influenced by loss of Translin function in the absence of dicer activity. This hypothesis is 
tested in the next chapter, but the lack of additional centromeric silencing defects for 
centromere 1 (cen1) further indicates that the defects caused by loss of Translin function in 
the absence of dicer are not having a generalised negative influence on genome activity as 
suggested by Li and co-wprkers (2012) who recently found a role for Translin in tRNA 
processing and proposed that this resulted in defect in a broad range of biological 
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functions. Indeed, we postulated a highly specific function for Translin for regulating 
chromosome stability in the absence of dicer; what this might be remains to be elucidated. 
5.4 Conclusion 
Translin double mutants demonstrate no loss of gene silencing function  
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Chapter Six 
Affect of Translin double mutants in  gene silenicing at rDNA,  mat locus and     
subtelomeric heterochromatin 
6.1 Introduction  
Centromeres are not the only a place of S. pombe  chromosomes that are  heterochromatic, 
mating loci (mat), telomeres, and rDNA repeats  also consist of heterochromatin and  
transcriptionally silent regions (Michael et al., 2011; Hansen, et al., 2011; Talbert and 
Henikoff, 2006). 
 In mammals, in addition to S. pombe, the end of linear chromosomes  consists of repetitive 
tandem elements and  stabilised by specialised DNA-protein structures known as 
telomeres, which appear cytological compressed (heterochromatin) where the gene 
adjacent to it is  transcriptionally repressed because distribution of silent heterochromatin 
(Bah, and Azzalin, 2012). This phenomenon, known as 'telomeric silencing' is found from 
yeast to human. Therefore repressed genes placed nearby telomeres give an excellent 
model to test heterochromatin role (Smith et al., 2008). In addition, the subtelomeric 
regions which is enrich for repetitive elements are also heterochromatic and genes placed 
into these places are also transcriptionally repressed, a phenomenon called telomere 
position effect (Blasco, 2007; Allshire et al., 1995; Ekwall et al., 1995; Bah, and Azzalin, 
2012).   
S. pombe is unicellular eukaryotes has a simple life cycle comprise haploid and diploid 
phase (Kelly et al., 1988). One type of the cell cycle is meiosis which is a vital process in 
produce of haploid gametes, which is important step for production of genetically 
individual cells (Krapp et al., 2010; Shigehisa et al., 2010). Genes in cells act in response 
to different environmental changes, such as changes in temperature and starvation (Krapp 
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et al., 2010). Meiosis in S. pombe produces four spores and is initiated under nitrogen 
starvation condition (Figure 6.1), which activates genes necessary for sexual development, 
there are more than one hundred genes activated (Mizuki et al., 2011). S. pombe naturally 
grows as haploid cells that has three mating-types genes at the mat locus divided into three 
cassettes; two of them are silent, mat2P (h+) and mat3M (h-), and the third, mat1, is active 
(refer to Fig. 3.8) (Arcangioli and  Lahondès, 2000). The spread of heterochromatin in 
these sites includes the mating loci genes mat2P (h+) and mat3M (h-) and the 11-kb region 
between them cenH repeat that is 96% similar to the outer repeats of centromeres (dg and 
dh centromeric repeats) and produces siRNAs and non-coding RNAs (Hansen et al., 2011; 
Trewick et al., 2007; Talbert and Henikoff, 2006; Noma et al., 2004). The mating-type 
locus elements are targeted by RNAi to recruit chromatin modifiers and establish silent 
heterochromatin by guiding non-coding RNAs which have the ability to direct the RNAi 
factors to somehow facilitate the H3K9me establishment (Bayne et al., 2010). The mat 
locus is located on the right section of chromosome II (Arcangioli and Lahondès, 2000). 
Furthermore, mat1 can contain either  mat2P (h+) and mat3M (h-) type allele, genetic 
information which is also stored in silenced form at mat2P (h+) and mat3M (h-), the size of 
DNA across mat2-P, mat3-M is about 20 kb, and the intervening area are heterochromatic 
(Hansen et al., 2011; Klar 2007). In case of switching of mating-type  genetic information 
of a silent loci mat2P or mat3M, which act as  donors are transferred  to  the active locus, 
mat1  (Hansen et al., 2011), by a process of genetic recombination, where the flanking 
regions of the three mating-type  loci are identical, so  the  recombination is initiated by a 
break at one of these flanks, and resolved to the other homologous flank (Egel,  2005) and 
thus determines the mating-type of a cell (Arcangioli and  Lahondès, 2000). Consequently, 
h+ mating-type locus cells produce P pheromones and make M pheromone receptors for 
the opposite pheromone on the cell surface and versa vice (Klar, 2007; Nielsen, 1993). In 
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the presence of an appropriate mating partner the opposite kinds of haploid cells will 
conjugate to form a zygote following meiosis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Diagram showing  the process of mating and meiosis in S. pombe.  
In case of nutritional reduction, haploid cells of the h+ and h- mating type arrest vegetative growth 
and initiate mating. Cells of the P and M mating-types are communicated by secretion mating 
pheromone to the opposite mating type cells and conjugate to produce a sporulation (adapted from 
Yamamoto, 2010). 
 
S. pombe shows one of the two kinds a homothallic or heterothallic life cycle. Under 
nitrogen starvation conditions, homothallic (h90) cells have the ability to switch their 
mating type through cell proliferation between plus and minus once time per cell division. 
Heterothallic cell populations exist as h+ or h−  cells where cells do not have the ability to 
switch mating type, therefore population of haploid  cells need opposite mating types to 
generate cell fusion and  diploid zygote (Matia-Gonzalez et al., 2012; Kitamura et al., 
2001; Klar 2007). 
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An additional heterochromatic region is the highly repetitive rDNA locus, where many 
tandemly repeated rRNA genes are set within a heterochromatic structure. the role of the 
heterochromatin is thought regulate rRNA gene expression and suppress on wanted inter-
repeat recombination events (for example see Krings and Bastia, 2004; Huange, 2002). 
Here we explore whether Translin plays a redundant role in regulation heterochromatin 
mediated silencing in order to address whether loss of this function might account for the 
increased chromosome instability observed in tsn1Δ dcr1Δ double mutants. 
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6.2 Results 
6.2.1 Examination of gene silencing at the rDNA  locus in double mutants. 
rDNA in most eukaryotic cells which encode ribosomal RNAs are clustered as families of  
long tandem head-to-tail repeats (Coulon et al., 2004; Kobayashi et al., 2004). As result of 
the heterochromatic nature of this locus, marker genes placed in the rDNA array are 
repressed by heterochromatin (Dubey, 2009 and Vasiljeva et al., 2008; Cam et al., 2005). 
To investigate whether of any single mutant BP2720 (tsn1Δ) or double mutants BP3189 
(tsn1Δ dcr1Δ), BP3193 (tsn1Δ ago1Δ) were defective in rDNA silencing a strain the with 
ura4+ marker gene located in the rDNA arrays (rDNA::ura4+) was used as a base strain for 
generating the  required single and double mutants, which were generated and checked as 
previously described(see previous chapters). 
Only the required strains were created and generated, the degree of rDNA::ura4+ gene 
silencing was assayed by testing sensitivity to the drug 5-FOA, which kills cells   
expressing ura4+. As can be seen in figure 6.2 loss of the function of any of the RNAi 
genes seems to have little influence on gene silencing of rDNA::ura4+. There is certainly 
no increase of sensitivity to 5-FOA for the tsn1Δ dcr1Δ double mutants relative to either 
single mutant. 
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Figure 6.3 Investigation of rDNA gene silencing in double (tsn1Δ dcr1Δ), (tsn1Δ ago1Δ)   
mutants.  
The double mutations did not significantly influence expression of rDNA::ura4 in comparison to 
wild-type cells. The cells were tested at 30oC, 33oC and  35oC. 
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6.2.2 Examination of mat locus gene silencing in double mutants. 
Starvation induces single cells of opposite  mating type of  S. pombe  to mate with one 
another to produce spores, this switching occurs by transpositions of DNA by a 
recombination between the silent loci mat2 or mat3, into mat1 where mat1 that stored 
either the P or M mating type allele  (Thon and Klar, 1992). The mating-type locus 
elements are heterochromatic which is distinguished by H3K9me, the existence of 
chromodomain proteins, and hypoacetylation and targeted by the RNAi machinery 
(Hansen et al., 2011; Bayne et al., 2010; Vengrova and Dalgaard, 2004; Talbert and 
Henikoff, 2006). In S. pombe the mating-type locus gives a well-defined structure to 
examine how heterochromatic histone modifications influence gene expression (Hansen et 
al., 2011). We tested whether single BP2724 (tsn1Δ) or double mutants BP3190 (tsn1Δ 
dcr1Δ), BP3195 (tsn1Δ ago1Δ) has an influence on mating-type silencing, to do this we 
used a strain background with the ura4+ marker inserted into heterochromatic mat regions 
in which it is silent. Mutant strains were constructed by PCR previously described. 
However, the data shows no difference in the mat locus silencing between the mutants 
strains and wild-type strains (Figure 6.3). 
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Figure 6.4 Investigation of mat loci silencing in double (tsn1Δ dcr1Δ), (tsn1Δ ago1Δ)   mutants.  
The results demonstrate that the double mutations did not significantly influence expression of 
ura4+ in the mat locus in comparison to wild-type cells. The cells were tested at 30oC, 33oC and  
35oC. 
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             6.2.4 Examination of silencing gene in subtelomeric heterochromatin in a double  
mutants   
Telomeres are tandem repeats of short and variation sequences of DNA which protect the 
ends of linear chromosomes and preserve genome stability (Poon and Mekhail, 2012). 
Telomeres regions are heterochromatic and genes inserted near telomeres become 
transcriptionally inactive (Blasco, 2007; Allshire et al., 1995; Ekwall et al., 1995; Miyoshi 
et al., 2003; Bah and Azzalin, 2012). Kanoh and co-workers (2005) demonstrated that the 
heterochromatin protein Swi6 (HP1) can establish heterochromatin in S. pombe sub-
telomeric regions independently of the RNAi machinery. They found this to be dependent 
on the telomere-binding protein Taz1. They determined this RNAi-independence by testing 
dcr1Δ strains, but not ago1Δ. They tested gene silencing at various positions away from the 
telomeres by inserting ura4+ at distinct sites different distance from the telomeres in 
different strains. We obtained strains in which ura4+ had been inserted approximately 7 
kbp from the telomeres (TEL::ura4+-7421) and approximately 30 kbp from the telomeres 
(TEL::ura4+ -30292). We generated the appropriate dcr1Δ/ ago1Δ tsn1Δ and double 
mutant combination for these strains and confirmed them as previous described (see 
previous). We then tested levels of gene silencing at a range of temperatures at both sub-
telomeric loci. The sub-telomeric 7 kbp position exhibited no measurable loss of silencing 
in all strains (figure 6.4). At the 30 kbp position the double mutants exhibited no additional 
loss of silencing relative to at least one of the single mutants at all temperatures using a 
range of 5-FOA concentrations (Figures 6.5). However, strikingly, the dcr1Δ single mutant 
exhibited a greater degree of silencing than either the dcr1+, wild-type control or the ago1Δ 
mutant. Whilst this does not provide any indication relating to the function of Translin, it is 
a remarkable result with respect to sub-telomeric silencing regulation and the role of the 
RNAi machinery.  
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Fig. 6.5 5-FOA sensitivity test  of the 30 kbp silencing using 500 µg/ml, 750 µg/ml, 1 mg/ml, 
1.2 mg/ml 5-FOA.   
Cells were spotted on media contain 1 mg/ml, 1.2 mg/ml 5-FOA and incubated at 30oC, 33oC, and 
on  media contain 500 µg/ml, 750 µg/ml and incubated at 35oC for approximately 3 days. 
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Fig. 6.6 Analysis of gene silencing at the subtelomeric 7 kbp position.   
Cells were spotted on media contain 750 µg /ml 5-FOA and  incubated at 30oC, 33oC and 35 oC, for 
approximately 3 days, Double mutants tsn1Δ, ago1 Δ/ dcr1 Δ  double mutant strains  show no 
sensitive  on 5-FOA media at all temperatures. 
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6.2.3 Mating type test in tsn1Δ 
S. pombe meiosis occurs when the cells exposed to nutrient starvation, particularly in the 
case of nitrogen diminution where two haploid cells of opposite mating type mate 
conjugate to form diploid which go through sporulation, (Krapp et al., 2010; Yamamoto, 
2010; Dalgaard and  Klar, 2000). In S. pombe the wild-type h90 strains can switch between 
h+ and h- which happens about once in each three cell divisions (Yamamoto et al., 1997). 
In the sporulation state the cells produce a starch-like compound which can be stained with 
iodine vapours, whereas inadequately switching strains stain sparingly; so, the 
effectiveness of switching can be assayed by iodine staining, where the spores stained 
extremely black when exposure with iodine vapours indicating highly levels of mating and 
spore formation (Shankaranarayana et al., 2003; Thon and Klar. 1993). In this experiment 
we test effect of a tsn1Δ mutation on mating-type switching competence in the h90 
background. Mating-type switching levels were tested by the iodine vapour staining assay. 
The h90 tsn1Δ strain required for this was generated and tested as previous described. As 
can be seen from figure 6.6 the tsn1Δ h90 strain appear to switch mat cassettes with an 
efficiency indistinguishable from the wild-type. Additionally, S. pombe mating results in 
asci with four equally sizes spores (Figure 6.1). If there is a defect in switching at mat or a 
meiotic defect the numbers of asci will be reduced; moreover, some meiotic defects can 
result in spores/asci with aberrant morphologies. We examined the morphology of 
spores/asci from tsn1Δ h90 mating and stained the spore DNA and be found the mutant to 
indistinguishable from wild-type (Figure 6.7).  
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Figure 6.7 mating type iodine staining test in tsn1Δ.  
Images show mating-type switching capability of tsn1Δ deletion strains were colonies sporulated 
on SPA media and allowed to grow at 25oC, 30oC or 33oC for 3 days  then  staining with iodine 
vapours to demonstrate the starch containing spores. 
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Figure 6.8 Spore morphology.  
A. Cell morphology of wild-type  haploic cells  where no asci form. B. Spores morphology of 
positive control h90 showing 4 spore asci. C. Asci morphology of tsn1Δ. Wild-type, h90 strains and 
mutants strain  were incubated on sporulation media to induce mating and sporulation  at 30°C for 
3 days and spores, fixed, stained with DAPI  (right) and examined by  microscope. 
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6.3. Discussion  
6.3.1 No effect of double mutants on rDNA gene silencing. 
rDNA are clustered as families of  long tandem head-to-tail repeats and located at 
specialised heterochromatic region reporter genes silenced (Coulon et al., 2004; Kobayashi 
et al., 2004; Cam et al., 2005). The resulting strains that compare the growth assay do not 
show any significant difference on media supplement with 5-FOA indicating that Translin 
does not contribute to rDNA gene silencing. Furthermore, this indicates the genome 
instability obtained in the tsn1Δ dcr1Δ mutant (Chapter 4) is not due to dysfunction rDNA 
heterochromatin, which could have resulted in instability of this region of chromosome III. 
6.3.2 Silencing at the mat locus. 
The mating-type loci of S. pombe provide a good system to test how heterochromatic 
histone modifications affect gene expression (Hansen et al., 2011). mat2-P and mat3-M are 
firmly silenced by heterochromatin in wild-type cells (Hansen et al., 2011). The double 
mutants strains do not exhibit any negative effect on mat gene silencing. Indeed, none of 
the mutants tested exhibited loss of gene silencing, including ago1Δ and dcr1Δ. It is known 
that heterochromatin-mediated silencing at the mat locus can be generated by two 
redundant pathways. One is dependent on the RNAi machinery, the other requires the 
stress activated ATF/CREB pathway (Jai et al; 2004). The lack of measurable mat gene 
silencing in the ago1Δ and dcr1Δ mutants is likely to be due to the activity of this pathway. 
The fact that the tsn1Δ ago1Δ/dcr1Δ double mutants do not alleviate silencing indicates 
Translin is not likely to be working in the ATF/CREB, RNAi-independent pathway. These 
observations also relate to mating switching as well as mat gene silencing, as no defect in 
asci frequency or morphology was observed in the tsn1Δ. 
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6.3.3 Less sensitive phenotype in subtelomeric heterochromatin in a double  mutants 
(tsn1Δago1Δ).   
Telomeres are specialised DNA proteins and protecting structures, which protecting the 
chromosomes from end-to-end fusions. Genes inserted adjacent to telomeres are 
transcriptionally repressed because distribution of silent heterochromatin (Bah, and 
Azzalin, 2012). Therefore heterochromatin is implicated in telomere integrity (Bisht et al., 
2008). In S. pombe this heterochromatin has been reported to form in an RNAi-
independent, Taz1-dependent fashion (Kanoh et al, 2005). Whilst our analysis reverted no 
role for Translin in gene silencing at either sub-telomeric region, the different requirement 
for ago1 and dcr1 are remarkable. When Kanoh and co-workers (2005) concluded that the 
RNAi machinery played no role in sub-telomeric heterochromatin formation, they did so 
base on the study of dcr1Δ single mutants. Here we show ago1Δ to behave similarity to 
wild-type, what is remarkable is the fact the dcr1 exhibits an enhanced silencing relative to 
both wild-type and ago1Δ. This suggest that dcr1 inhibits silencing by another pathway, 
possibly a Taz1-dependent pathway as loss of dcr1Δ increased silencing. This exciting 
observations is outside the remit of this current story, but is worthy of future investigation.  
Conclusions 
1- Translin plays no measurable role in controlling gene silencing at the mat , rDNA and 
sub-telomeric heterochromatic regions 
2- dcr1 suppresses extensive gene silencing at the 30 kbp sub-telomeric locus, ago1 does 
not. 
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Chapter 7   Final discussion  
7.1 Introduction   
Since the initial discovery of Translin in separate studies in the mouse and humans, the 
identification of specific biological and biochemical functions for Translin and Trax has 
remained persistently difficult, resulting in fragmented sets of evidence for a functional 
role in a diverse array of biological functions (Jaendling & McFarlane, 2010). This 
functional diversity was apparent from the very start of studies with Translin, as it was 
initially implicated in brain RNA metabolism in the mouse and genome stability regulation 
in humans (Han et al., 1995; Aoki et al., 1995). In more recent times, during the course of 
the work reported within this thesis, studies have reported that Translin and Trax function 
together as key regulators of a RNA metabolism, playing a central role in the RNAi 
pathway and in tRNA processing (Li et al., 2012). This has resulted in a new dogma with 
the proposal that the diverse biological functions in which these proteins are implicated are 
all due to general defects caused by the partial failure in fundamental RNA processing, 
either RNAi and/or tRNA processing (Liu et al., 2009; Li et al., 2012). However, whilst 
this seems a sensible and comforting suggestion at first viewing, it does not seem to hold 
up to deeper scrutiny and the work presented here challenges at least one of the central 
pillars of this new dogma, suggesting that the biology of these two highly conserved 
proteins is rather more complex than the simple model would have us believe. Here 
evidence is presented to demonstrate that loss of Translin function in the fission yeast does 
not result in wide scale phenotypic abnormalities. Indeed, loss of Translin function alone 
appears to have no as yet measured negative effect on fission yeast cells. Secondly, the 
additional genome instability we observe in cells defective for Dicer and Translin functions 
indicate that Translin functions in an auxiliary pathway to maintain chromosomal balance 
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when the RNAi pathway is de-regulated. This is not due to a general defect in genome 
maintenance pathways, suggesting that this is unlikely to be due to a general cellular defect 
arising from failures to correctly process tRNAs. This core finding is discussed in further 
detail below. 
 
                    7.2 Translin provides an auxiliary pathway for genome maintenance in absence of 
Dicer 
Previously Translin has been implicated in genome stability regulation, and indeed, the 
finding that human Translin binds to chromosomal breakpoint junctions in cancers leads to 
the initial suggestion that Translin was a key regulator in an undefined chromosome 
maintenance pathway. This was supported by additional evidence pointing to a role in 
DNA damage response and the finding that Translin had DNA binding activity (Jaendling 
& McFarlane, 2010). Additionally, Translin is capable of forming a toroid, a structure 
often associated with DNA repair proteins (Jaendling & McFarlane, 2010).  These tentative 
lines of evidence lead to the use of the fission yeast to explore whether Translin was 
required as a primary regulator of the DNA damage response. Studies using a wide range 
of DNA damaging agents indicated that this was not the case and there was no direct 
evidence that fission yeast Translin was required for any DNA repair pathways (Jaendling 
et al., 2008). 
 
Early during the course of this current study Li and co-workers demonstrated that Translin 
and Trax make up the C3PO complex, and enhancer of the function required to remove the 
passenger strand during Argonaute-mediated gene silencing in Drosophila. This led us to 
speculate that Translin might function to direct the RNAi pathway in the fission yeast. 
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However, mutation of most RNAi pathway regulators results in deregulated 
heterochromatin at the centromeres, which confers sensitivity to TBZ, the microtubule 
destabilizing agent. Previous work from the McFarlane group had demonstrated that tsn1Δ 
single mutants did not have this phenotype (Jaendling et al, 2008). In this current work this 
hypothesis was further challenged by studying the centromeric gene silencing in tsn1Δ 
single mutants, as it might be the case that a subtle defect in centromere heterochromatin 
regulation did not result in measurable TBZ sensitivity. This was not the case (Chapter 3). 
Following this, we hypothesised that Translin may have a function that is redundant with 
one or more of the RNAi regulators. Previous work had demonstrated that a dcr1Δ null 
mutant was less defective that a specific drc1mutation in gene silencing (Emmerth et al., 
2010). This suggested that the dcr1Δ mutant was not full defective in all gene silencing 
and that other factors must regulate the residual centromeric gene silencing (Emmerth et 
al., 2010). In addition, Halic  and Moazed (2010) reported a possible Ago1-dependent, 
Drc1-independent pathway that utilises primary RNAs to trigger heterochromatin function. 
Translin, like Dicer, has been reported to be associated with an RNAse activity (Wang et 
al., 2004). We speculated that Translin might provide a residual and redundant function 
with Dicer in the processing of RNAs involved in centromeric heterochromatin-mediated 
gene silencing. To test this we generated double mutants of tsn1Δ dcr1 Δ and tsn1 Δ ago1 
Δ. On testing these viable mutants the tsn1 Δ dcr1 Δ double mutant was found to be more 
sensitive to TBZ than either single mutant and had a higher frequency of mini chromosome 
loss than either single mutant. Surprisingly, our initial analysis indicated that this was not 
due to any additional defect in the levels of centromeric heterochromatin as measured by 
gene silencing assays (Chapter 5) (however, see below). Given the lack of a defect in 
heterochromatin-mediated gene silencing at any heterochromatic loci, we tested whether 
the increased genome instability in the double mutant could be due to a DNA repair defect. 
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The double mutant showed no significant sensitivity to any of the agents we tested it 
against, suggesting the chromosome instability phenomena is not due to a DNA repair 
defect. At this stage of this study it was uncertain which pathway has been compromised 
by loss of Translin function. However, this is the first evidence in fission yeast of a 
functional role in genome stability regulation for Translin. Despite the implication of 
human Translin being involved in break point recombination in cancer-associated 
translocation formation, we find no evidence to support a role in a recombination 
mechanism as we observe no sensitivity in single or double mutants to chromosomal 
breaking or DNA replication pausing agents. Additionally, fission yeast Translin has a 
higher biochemical affinity for RNA than DNA (Jaendling & McFarlane, 2010), pointing 
more to a possible role in RNA metabolism . The fact that the activity of Dicer is relatively 
well documented it is not unreasonable to suggest that Translin plays a role in some aspect 
of RNA metabolism which is normally largely executed by Dicer, which is independent of 
mediating heterochromatin-mediated gene silencing, but does impinge upon genome 
stability.  
7.2 A role in microtubule dynamics 
Previously Translin function has been implicated in microtubule dynamics. In this study 
we have largely failed to address this question as we prioritised a hypothesis which 
postulated that Translin was involved in RNAi-mediated centromere function. However, it 
remains a formal possibility that Translin does have a role in microtubule dynamics. This 
can only be a minor role as any defect caused by loss of Translin does not manifest a 
phenotype in a tsn1Δ single mutant and is dependent upon additional loss of Dicer. Given 
this we believe that this is an unlikely explanation for the increased genome instability 
observed in the double mutant. It could be possible that a minor microtubule defect is only 
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apparent when centromere function becomes compromised by loss of Dicer, but one might 
have expected the loss of Argonaute to also result in a centromere defect which exposed 
this hypothetical microtubule defect. This was not the case as the ago1Δtsn1Δ mutants 
have similar mini chromosome loss and TBZ sensitivity as the ago1Δ strain.  Whilst we are 
dismissive of the possibility of a role in microtubule dynamics, the ago1Δ tsn1Δ data are 
not sufficient to totally reject this possibility. This should be tested further by directly 
measuring microtubule activity. At the simplest level microtubule structures can be 
measured following immunofluorescence to determine whether their size and morphology 
is different in the tsn1Δ cells. More involved experimentation might be aimed at 
determining microtubule dynamics and the kinetics of activity during the cell cycle using 
time lapse microscopy in live cells using GFP-labelled microtubules. In addition studies on 
the interaction of microtubules with other macromolecules might reveal a defect in their 
ability to modulate other cell division related processes. Unfortunately, these proposals 
were beyond the remit of this current study.  
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7.3 Could translin function solely in tRNA processing? 
Lui and co-workers (2012) recently reported a role for Translin and Trax in tRNA 
processing. This work was only published relatively late within the time period of this 
work. However, in this study Lui and co-workers (2012) propose that general defects are 
due to a general defect in protein production arising from a failure to correctly process all 
tRNAs. This could be the case for fission yeast Translin, but, as indicated above, we 
believe this to be unlikely as a genome maintenance deregulation is only apparent in a 
dicer defective background, indicating a highly specific loss of function. We have 
examined a range of fundamental biological processes in tsn1Δsingle and tsn1Δ 
dcr1Δ/ago1Δ double mutants and find a very specific defect (loss of chromosome stability) 
in one genetic background. To us, this points to a very specific and specialist function for 
Translin, one which is an auxiliary role to that normally carried out by Dicer. If this role 
were a specialised processing of a sub-set of functionally specific tRNAs, then the finding 
that dicer functions as the predominant regulator would be a remarkable one and certainly 
merits further exploration. Moreover, our data might suggest that whilst this is Dicer-
dependent, there is no evidence that it is Argonaute-dependent.  Interestingly, Lui and co-
workers reported that there were other RNA species that were affected by the loss of 
Translin function, although there was no commonality in function or features for these 
RNAs. It might be the case that Translin targets a specific group of RNAs and that in 
different species Translin has evolved to play specific roles relating to the function of a 
defined sub-group of RNA molecules. This argument is supported by the observation that 
Translin binding sequences are found within the coding region of the Brain Derived 
Neurogenic Factor (BDNF) mRNA in humans and that Translin is require for the correct 
localisation of this mRNA in the brain (Chiaruttini et al., 2009). This indicates that the 
Translin story is more complex than a simple processer of tRNA precursors. Indeed, there 
might be diverse species and tissue specific activities for Translin which, whilst remaining 
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conserved in biochemical activity (and hence sequence) has diverged in target specificity 
resulting in the broad range of biological functions Translin has been associated with.  To 
take this hypothesis further in the fission yeast makes some sense, as it is amenable to 
work to discern how a specific set of RNA molecules might control genome stability. RNA 
sequencing of tsn1Δ and tsn1Δ dcr1Δ whole transcriptomes might provide solid evidence 
for which, if any RNA molecules are targeted by Translin in fission yeast, and, more 
importantly, what specific aspect of genome stability this group of RNAs regulate. 
Moreover, what is the role of dicer and how does this relate to the role dicer plays in 
controlling the RNAi pathways.  
7.4. A final answer 
 During the course of this work one of the key surprises was that we did not observe any 
increased loss of gene silencing of centromeric heterochromatin in the tsn1Δ dcr1Δ double 
mutant relative to the single mutant (see above). Halic and Moazed (2010) had 
demonstrated that the epigenetic mark of heterochromatin, methylation of histone H3 on 
residue lysine 9 (H3K9me2), was not reduced in a dcr1Δ mutant to the same degree as it 
was in the ago1Δ mutant. From this, and other observations, they proposed a model for 
heterochromatin in which an Ago1-dependent, Dcr1-independent pathway generated 
heterochromatin utilising primary RNAs (Figure 7.1). They noted that the primary pathway 
was Drc1-dependent and that this other pathway was secondary to this (Figure 7.1). 
Consistent with this, Emmerth et al., (2010) showed that a specific dcr1 truncation mutant 
(dcr1-Δ33) exhibited a greater loss of pericentric gene silencing than a dcr1Δ null mutant, 
indicating that this truncation mutant had a dominant negative effect suggesting an 
additional Dcr1-indepenednt pathway, supporting the proposal of Halic and Moazed 
(2010) (Figure 7.1).   
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Figure 7.1. Halic and Moazed model for an Ago1-dependent, Drc1-independent pathway for the 
maintenance of H3K9me2-dependent centromeric repeat (dh dg) heterochromatin in fission yeast. 
The primary route to form heterochromatin depends on exosome-generated primal small RNAs 
(priRNAs) being acted upon by Argonaute (Ago1) to ultimately recruit the RNA-dependent RNA 
polymarease complex (RDRC). In turn, via the action of Dicer (Dcr1)-generated dg small 
interfering RNAs (siRNAs), this results in the RNA-induced transcriptional silencing (RITS) 
complex, driving the methylation of H3K9 by the Clr4-Rik1-Cul4 (CLRC) complex which forms 
the binding sites for Swi6, the fission yeast orthologue of Heterochromatin Protein 1. The auxiliary 
pathway (dashed line, right hand side) is dependent upon priRNAs and Ago1, but is independent of 
Dicer. The factors driving the auxiliary pathway were not known. Figure taken from Halic & 
Moazed (2010).  
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These findings forced us to re-visit our analyses of the centromeric gene silencing data we 
had obtained. In the light of finding no other defect in the tsn1Δ dcr1Δ strains which could 
account for the chromosomal instability, we decided to re-visit the hypothesis that Translin 
was responsible for the secondary pathway for maintaining centromeric heterochromatin. 
To this end we repeated the gene silencing assays carried out in Chapter 5. In these assays 
cells expressing the ura4+ gene which is embedded in the centromeric heterochromatin 
become sensitive to 5-FOA. In our original experiment we had employed a standard 
concentration of 5-FOA. However, we postulated that this standard concentration was too 
high, potentially masking any differences in gene expression between the dcr1Δand the 
tsn1Δ dcr1Δ mutants. To address this, the experiment was repeated employing lower 5-
FOA concentrations (400 µg /ml). The results were clear and striking (Figure 7.2). At these 
lower 5-FOA concentrations it can be seen that the dcr1Δ mutant is not as sensitive to 5-
FOA as the ago1Δ mutant. This is consistent with the Halic and Moazed (2010) model 
(Figure 7.1). Moreover, the tsn1Δ dcr1Δ double mutant exhibits a sensitivity to 5-FOA 
which is lower than the dcr1Δ single mutant and the same as the ago1Δ mutant. These data 
reveal a very clear answer to why we get enhanced chromosomal instability in the dcr1Δ 
mutant when tsn1 is also mutated, as centromeric heterochromatin is clearly more 
defective.  
From these final findings we can clearly postulate that Translin functions in the secondary 
Ago1-dependent, Dcr1-independent pathway for centromeric heterochromatin maintenance 
and centromere function (Figure 7.3). Exactly what functional role Translin fulfils remains 
unknown; moreover, it is unclear whether this is dependent upon the RNAse activity of 
Translin. These findings could be construed to be consistent with a model in which the 
conserved unction of Translin is in an RNAi-related pathway, and is inconsistent with a 
conserved function in tRNA processing which results in general cellular defects. However, 
whilst we have no data to indicate a role in tRNA processing in fission yeast, and we can 
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dismiss a generalised defect in cellular activity, we cannot dismiss specific additional 
functional roles for Translin in processing of tRNAs and/or other RNAs, other than to 
suggest that if such functions do exist, they too are likely to be redundant with other 
cellular processes, possibly Drc1-dependent processes.  
 
Figure 7.2. Translin regulates heterochromatic gene silencing in the outer repeats (otr) of 
fission yeast centromeres in a Dicer-independent fashion. Serial dilutions of various cells 
were spotted onto plates containing either 250 µg/ml or 400 µg/ml 5-FOA (two right hand 
panels). Wild-type and tsn1Δ strains exhibit no loss of centromeric silencing (5-FOA 
sensitivity). The dcr1Δ mutant exhibits increased of silencing function than the ago1Δ, the 
ago1Δ tsn1Δ double mutant or the drc1Δ tsn1Δ double mutant at all temperatures, 
indicating that Translin (Tsn1) serves in a redundant pathway to mediate centromeric 
heterochromatin-mediated gene silencing.  
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Figure 7.3. Translin functions in an Ago1-dependent, Dcr1-independent pathway for centromeric 
heterochromatin maintenance. The Ago1-dependent, Dcr1-independent pathway proposed by Halic 
and Moazed is proposed to be mediated by Translin (Tsn1) (refer to Figure 7.1 for more details). 
Adapted from Halic and Moazed (2010).  
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Interestingly, tRNA genes are required to serve as heterochromatin boundary functions 
within the fission yeast (McFarlane & Whitehall, 2009). It remains possible that these 
centromere tRNA genes require Translin for their expression / product processing and that 
this is associated with boundary function and thus heterochromatin structure. This 
intriguing possibility would link all the observations made by us and others enabling a 
unified model to be presented for the function of Translin. The fission yeast offers an 
excellent model system to test this hypothesis in the future.  
150 
 
 
 
  Refrences  
Adcock, I.M., Ford, P., Ito, K. & Barnes, P. 2006, "Epigenetics and airways disease", 
Respiratory research, vol. 7, no. 1, pp. 21.  
Aggarwal, M., & Brosh, R. M. (2012). Functional analyses of human DNA repair proteins 
important for aging and genomic stability using yeast genetics. DNA repair. 
  Aguilar-Arnal, L., Marsellach, F.X. & Azorín, F. 2008, "The fission yeast homologue of 
CENP-B, Abp1, regulates directionality of mating-type switching", The EMBO journal, 
vol. 27, no. 7, pp. 1029-1038.  
Aguilera, A. & Gómez-González, B. 2008, "Genome instability: a mechanistic view of its 
causes and consequences", Nature Reviews Genetics, vol. 9, no. 3, pp. 204-217.  
Akamatsu, Y., Tsutsui, Y., Morishita, T., Siddique, M.D.S.P., Kurokawa, Y., Ikeguchi, M., 
Yamao, F., Arcangioli, B. & Iwasaki, H. 2007, "Fission yeast Swi5/Sfr1 and Rhp55/Rhp57 
differentially regulate Rhp51-dependent recombination outcomes", The EMBO journal, 
vol. 26, no. 5, pp. 1352-1362.  
Alao, J.P., Olesch, J. & Sunnerhagen, P. 2009, "Inhibition of type I histone deacetylase 
increases resistance of checkpoint-deficient cells to genotoxic agents through mitotic 
delay", Molecular cancer therapeutics, vol. 8, no. 9, pp. 2606-2615.  
Allshire, R. (2001). Dissecting fission yeast centromeres via silencing. 
  Amoah-Buahin, E., Bone, N. & Armstrong, J. 2005, "Hyphal growth in the fission yeast 
Schizosaccharomyces pombe", Eukaryotic cell, vol. 4, no. 7, pp. 1287-1297.  
Anderson, G. R. 2001. Genomic instability in cancer. CURRENT SCIENCE 81, (5): 501. 
 
Aplan, P. D. (2006). Causes of oncogenic chromosomal translocation. TRENDS in 
Genetics, 22(1), 46-55. 
 
Aoki, K., Suzuki, K., Sugano, T., Tasaka, T., Nakahara, K., Kuge, O., Omori, A. & Kasai, 
M. 1995, "A novel gene, Translin, encodes a recombination hotspot binding protein 
associated with chromosomal translocations", Nature genetics, vol. 10, no. 2, pp. 167-174. 
Bah, A. & Azzalin, C.M. 2012, "The telomeric transcriptome: from fission yeast to 
mammals", The international journal of biochemistry & cell biology, .  
Bail, S., Swerdel, M., Liu, H., Jiao, X., Goff, L.A., Hart, R.P. & Kiledjian, M. 2010, 
"Differential regulation of microRNA stability", RNA, vol. 16, no. 5, pp. 1032-1039.  
Bardhan, A. 2010, "Complex regulation of sister kinetochore orientation in meiosis-I", 
Journal of Biosciences, vol. 35, no. 3, pp. 485-495.  
151 
 
Bartkova, J., Hořejší, Z., Koed, K., Krämer, A., Tort, F., Zieger, K., Guldberg, P., 
Sehested, M., Nesland, J.M. & Lukas, C. 2005, "DNA damage response as a candidate 
anti-cancer barrier in early human tumorigenesis", Nature, vol. 434, no. 7035, pp. 864-870. 
Baum, M., Ngan, V.K. & Clarke, L. 1994, "The centromeric K-type repeat and the central 
core are together sufficient to establish a functional Schizosaccharomyces pombe 
centromere.", Molecular biology of the cell, vol. 5, no. 7, pp. 747.  
Bayne, E.H., White, S.A., Kagansky, A., Bijos, D.A., Sanchez-Pulido, L., Hoe, K.L., Kim, 
D.U., Park, H.O., Ponting, C.P. & Rappsilber, J. 2010, "Stc1: a critical link between RNAi 
and chromatin modification required for heterochromatin integrity", Cell, vol. 140, no. 5, 
pp. 666-677.  
Bellofatto, V. & Palenchar, J.B. 2008, "RNA interference as a genetic tool in 
trypanosomes", METHODS IN MOLECULAR BIOLOGY-CLIFTON THEN TOTOWA-, 
vol. 442, pp. 83.  
Beerenwinkel N, Antal T, Dingli D, Traulsen A, Kinzler KW, et al. Genetic progression 
and the waiting time to cancer. PLoS Comput Biol. 2007;3:e225 
Bidard, F., Benkhali, J.A., Coppin, E., Imbeaud, S., Grognet, P., Delacroix, H. & Debuchy, 
R. 2011, "Genome-wide gene expression profiling of fertilization competent mycelium in 
opposite mating types in the heterothallic fungus Podospora anserina", PloS one, vol. 6, no. 
6, pp. e21476.  
Bisht, K.K., Arora, S., Ahmed, S. & Singh, J. 2008, "Role of heterochromatin in 
suppressing subtelomeric recombination in fission yeast", Yeast, vol. 25, no. 8, pp. 537-
548.  
Bjerling, P., Ekwall, K., Egel, R. & Thon, G. 2004, "A novel type of silencing factor, Clr2, 
is necessary for transcriptional silencing at various chromosomal locations in the fission 
yeast Schizosaccharomyces pombe", Nucleic acids research, vol. 32, no. 15, pp. 4421-
4428.  
Bjerling, P., Silverstein, R.A., Thon, G., Caudy, A., Grewal, S. & Ekwall, K. 2002, 
"Functional divergence between histone deacetylases in fission yeast by distinct cellular 
localization and in vivo specificity", Molecular and cellular biology, vol. 22, no. 7, pp. 
2170-2181.  
Blasco, M.A. 2007, "The epigenetic regulation of mammalian telomeres", Nature Reviews 
Genetics, vol. 8, no. 4, pp. 299-309.  
Bleuyard, J.Y., Gallego, M.E. & White, C.I. 2006, "Recent advances in understanding of 
the DNA double-strand break repair machinery of plants", DNA repair, vol. 5, no. 1, pp. 1-
12.  
152 
 
Bolton, E.C. & Boeke, J.D. 2003, "Transcriptional interactions between yeast tRNA genes, 
flanking genes and Ty elements: a genomic point of view", Genome research, vol. 13, no. 
2, pp. 254-263.  
Bordeianu, G., Zugun-Eloae, F. & Rusu, M.G. 2011, "The role of DNA repair by 
homologous recombination in oncogenesis", Revista medico-chirurgicala a Societatii de 
Medici si Naturalisti din Iasi, vol. 115, no. 4, pp. 1189-1194.  
Branzei, D. & Foiani, M. 2005, "The DNA damage response during DNA replication", 
Current opinion in cell biology, vol. 17, no. 6, pp. 568-575.  
Bühler, M. & Moazed, D. 2007, "Transcription and RNAi in heterochromatic gene 
silencing", Nature structural & molecular biology, vol. 14, no. 11, pp. 1041-1048.  
Bühler, M., Spies, N., Bartel, D.P. & Moazed, D. 2008, "TRAMP-mediated RNA 
surveillance prevents spurious entry of RNAs into the Schizosaccharomyces pombe siRNA 
pathway", Nature structural & molecular biology, vol. 15, no. 10, pp. 1015-1023.  
Bühler, M., Verdel, A. & Moazed, D. 2006, "Tethering RITS to a nascent transcript 
initiates RNAi-and heterochromatin-dependent gene silencing", Cell, vol. 125, no. 5, pp. 
873-886.  
Buker, S.M., Iida, T., Bühler, M., Villén, J., Gygi, S.P., Nakayama, J.I. & Moazed, D. 
2007, "Two different Argonaute complexes are required for siRNA generation and 
heterochromatin assembly in fission yeast", Nature structural & molecular biology, vol. 
14, no. 3, pp. 200-207.  
Burhans, W.C. & Weinberger, M. 2007, "DNA replication stress, genome instability and 
aging", Nucleic acids research, vol. 35, no. 22, pp. 7545-7556. 
Calasanz MJ, Cigudosa JC. Molecular cytogenetics in translational oncology: when 
chromosomes meet genomics. Clin Transl Oncol 2008;10:20–9. 
Cam, H.P., Sugiyama, T., Chen, E.S., Chen, X., FitzGerald, P.C. & Grewal, S.I.S. 2005, 
"Comprehensive analysis of heterochromatin-and RNAi-mediated epigenetic control of the 
fission yeast genome", Nature genetics, vol. 37, no. 8, pp. 809-819.  
Carlsten, J. O., Szilagyi, Z., Liu, B., Lopez, M. D., Szászi, E., Djupedal, I., ... & Zhu, X. 
(2012). Mediator Promotes CENP-A Incorporation at Fission Yeast Centromeres. 
Molecular and Cellular Biology, 32(19), 4035-4043. 
  Carthew RW, Sontheimer EJ. 2009. Origins and Mechanisms of miRNAs and siRNAs. 
Cell 136(4): 642-655 Casselton, L.A. 2002, "Mate recognition in fungi", Heredity, vol. 88, 
no. 2, pp. 142-147.  
Casselton, L.A. & Olesnicky, N.S. 1998, "Molecular genetics of mating recognition in 
basidiomycete fungi", Microbiology and molecular biology reviews, vol. 62, no. 1, pp. 55-
70.  
153 
 
Castro, A., Peter, M., Magnaghi-Jaulin, L., Vigneron, S., Loyaux, D., Lorca, T. & Labbé, 
J.C. 2000, "Part of Xenopus translin is localized in the centrosomes during mitosis", 
Biochemical and biophysical research communications, vol. 276, no. 2, pp. 515-523.  
Chen, E.S., Zhang, K., Nicolas, E., Cam, H.P., Zofall, M. & Grewal, S.I.S. 2008, "Cell 
cycle control of centromeric repeat transcription and heterochromatin assembly", Nature, 
vol. 451, no. 7179, pp. 734-737.  
Chennathukuzhi, V.M., Kurihara, Y., Bray, J.D. & Hecht, N.B. 2001, "Trax (translin-
associated factor X), a primarily cytoplasmic protein, inhibits the binding of TB-RBP 
(translin) to RNA", Journal of Biological Chemistry, vol. 276, no. 16, pp. 13256-13263.  
Chiaruttini, C., Vicario, A., Li, Z., Baj, G., Braiuca, P., Wu, Y., Lee, F., Gardossi, L., 
Baraban, J. & Tongiorgi, E. 2009, "Dendritic trafficking of BDNF mRNA is mediated by 
translin and blocked by the G196A (Val66Met) mutation", Proceedings of the National 
Academy of Sciences, vol. 106, no. 38, pp. 16481-16486.  
Chikashige, Y., Ding, D.Q., Imai, Y., Yamamoto, M., Haraguchi, T. & Hiraoka, Y. 1997, 
"Meiotic nuclear reorganization: switching the position of centromeres and telomeres in 
the fission yeast Schizosaccharomyces pombe", The EMBO journal, vol. 16, no. 1, pp. 
193-202.  
Chinen, M., Morita, M., Fukumura, K. & Tani, T. 2010, "Involvement of the spliceosomal 
U4 small nuclear RNA in heterochromatic gene silencing at fission yeast centromeres", 
Journal of Biological Chemistry, vol. 285, no. 8, pp. 5630. 
Christmann, M., Tomicic, M.T., Roos, W.P. & Kaina, B. 2003, "Mechanisms of human 
DNA repair: an update", Toxicology, vol. 193, no. 1, pp. 3-34.  
Cho, Y.S., Chennathukuzhi, V.M., Handel, M.A., Eppig, J. & Hecht, N.B. 2004, "The 
relative levels of translin-associated factor X (TRAX) and testis brain RNA-binding 
protein determine their nucleocytoplasmic distribution in male germ cells", Journal of 
Biological Chemistry, vol. 279, no. 30, pp. 31514-31523.  
Choi, E.S., Strålfors, A., Castillo, A.G., Durand-Dubief, M., Ekwall, K. & Allshire, R.C. 
2011, "Identification of noncoding transcripts from within CENP-A chromatin at fission 
yeast centromeres", Journal of Biological Chemistry, vol. 286, no. 26, pp. 23600.  
Ciccia, A. & Elledge, S.J. 2010, "The DNA damage response: making it safe to play with 
knives", Molecular cell, vol. 40, no. 2, pp. 179-204.  
Claußen, M., Koch, R., Jin, Z.Y. & Suter, B. 2006, "Functional characterization of 
Drosophila translin and Trax", Genetics, vol. 174, no. 3, pp. 1337-1347.  
Colmenares, S.U., Buker, S.M., Buhler, M., Dlakić, M. & Moazed, D. 2007, "Coupling of 
double-stranded RNA synthesis and siRNA generation in fission yeast RNAi", Molecular 
cell, vol. 27, no. 3, pp. 449-461.  
154 
 
Corbett, K.D., Yip, C.K., Ee, L.S., Walz, T., Amon, A. & Harrison, S.C. 2010, "The 
monopolin complex crosslinks kinetochore components to regulate chromosome-
microtubule attachments", Cell, vol. 142, no. 4, pp. 556-567.  
Coulon, S., Gaillard, P.H.L., Chahwan, C., McDonald, W.H., Yates III, J.R. & Russell, P. 
2004, "Slx1-Slx4 are subunits of a structure-specific endonuclease that maintains 
ribosomal DNA in fission yeast", Molecular biology of the cell, vol. 15, no. 1, pp. 71-80.  
Creamer, K. M., & Partridge, J. F. (2011). RITS—connecting transcription, RNA 
interference, and heterochromatin assembly in fission yeast. Wiley Interdisciplinary 
Reviews: RNA, 2(5), 632-646. 
  Czech, B. & Hannon, G.J. 2010, "Small RNA sorting: matchmaking for Argonautes", 
Nature Reviews Genetics, vol. 12, no. 1, pp. 19-31.  
Dalgaard, J. & Klar, A. 2000, "< i> swi1</i> and< i> swi3</i> Perform Imprinting, 
Pausing, and Termination of DNA Replication in< i> S. pombe</i>", Cell, vol. 102, no. 6, 
pp. 745-751.  
Dehé, P.M. & Cooper, J.P. 2010, "Fission yeast telomeres forecast the end of the crisis", 
FEBS letters, vol. 584, no. 17, pp. 3725-3733.  
Dieci, G., Percudani, R., Giuliodori, S., Bottarelli, L. & Ottonello, S. 2000, "TFIIIC-
independent in vitro transcription of yeast tRNA genes1", Journal of Molecular Biology, 
vol. 299, no. 3, pp. 601-613.  
Ding, D.Q., Chikashige, Y., Haraguchi, T. & Hiraoka, Y. 1998, "Oscillatory nuclear 
movement in fission yeast meiotic prophase is driven by astral microtubules, as revealed 
by continuous observation of chromosomes and microtubules in living cells", Journal of 
cell science, vol. 111, no. 6, pp. 701-712.  
Djupedal, I. & Ekwall, K. 2009, "Epigenetics: heterochromatin meets RNAi", Cell 
research, vol. 19, no. 3, pp. 282-295.  
Djupedal, I., Kos-Braun, I.C., Mosher, R.A., Söderholm, N., Simmer, F., Hardcastle, T.J., 
Fender, A., Heidrich, N., Kagansky, A. & Bayne, E. 2009, "Analysis of small RNA in 
fission yeast; centromeric siRNAs are potentially generated through a structured RNA", 
The EMBO journal, vol. 28, no. 24, pp. 3832-3844.  
Doherty, A.J. & Jackson, S.P. 2001, "DNA repair: how Ku makes ends meet", Current 
Biology, vol. 11, no. 22, pp. R920-R924.  
Dubey, R.N., Nakwal, N., Bisht, K.K., Saini, A., Haldar, S. & Singh, J. 2009, "Interaction 
of APC/C-E3 ligase with Swi6/HP1 and Clr4/Suv39 in heterochromatin assembly in 
fission yeast", Journal of Biological Chemistry, vol. 284, no. 11, pp. 7165-7176.  
Egel, R. 2005, "Fission yeast mating-type switching: programmed damage and repair", 
DNA repair, vol. 4, no. 5, pp. 525-536.  
155 
 
Egel, R., Beach, D.H. & Klar, A. 1984, "Genes required for initiation and resolution steps 
of mating-type switching in fission yeast", Proceedings of the National Academy of 
Sciences, vol. 81, no. 11, pp. 3481.  
Ehrenhofer-Murray, A.E., Chromatin dynamics at DNA replication, transcription and 
repair. Eur J Biochem, 2004. 271(12): p. 2335-49. 
Ekwall, K., Cranston, G. & Allshire, R.C. 1999, "Fission yeast mutants that alleviate 
transcriptional silencing in centromeric flanking repeats and disrupt chromosome 
segregation", Genetics, vol. 153, no. 3, pp. 1153-1169.  
Eliahoo, E., Yosef, R.B., Pérez-Cano, L., Fernández-Recio, J., Glaser, F. & Manor, H. 
2010, "Mapping of interaction sites of the Schizosaccharomyces pombe protein Translin 
with nucleic acids and proteins: a combined molecular genetics and bioinformatics study", 
Nucleic acids research, vol. 38, no. 9, pp. 2975-2989.  
Emmerth, S., Schober, H., Gaidatzis, D., Roloff, T., Jacobeit, K. & Bühler, M. 2010, 
"Nuclear retention of fission yeast dicer is a prerequisite for RNAi-mediated 
heterochromatin assembly", Developmental cell, vol. 18, no. 1, pp. 102-113.  
Erdemir, T., Bilican, B., Oncel, D., Goding, C.R. & Yavuzer, U. 2002, "DNA damage-
dependent interaction of the nuclear matrix protein C1D with translin-associated factor X 
(TRAX)", Journal of cell science, vol. 115, no. 1, pp. 207-216.  
Faggioli, F., Vijg, J., & Montagna, C. (2011). Chromosomal aneuploidy in the aging brain. 
Mechanisms of ageing and development, 132(8), 429-436. 
  Fischle, W.; Wang, Y.; Allis, C.D. Histone and chromatin cross-talk. Curr.Opin.Cell 
Biol., 2003, 15, 2, 172-183, Elsevier. 
Futreal PA, Coin L, Marshall M, et al. A census of human cancer genes. Nat Rev Cancer     
2004;4:177–83    
Freeman-Cook, L.L., Sherman, J.M., Brachmann, C.B., Allshire, R.C., Boeke, J.D. & 
Pillus, L. 1999, "The Schizosaccharomyces pombe hst4 gene is a SIR2 homologue with 
silencing and centromeric functions", Molecular biology of the cell, vol. 10, no. 10, pp. 
3171-3186.  
Frescas, D., Guardavaccaro, D., Kato, H., Poleshko, A., Katz, R.A. & Pagano, M. 2008, 
"KDM2A represses transcription of centromeric satellite repeats and maintains the 
heterochromatic state", Cell cycle (Georgetown, Tex.), vol. 7, no. 22, pp. 3539.  
Fukagawa T, Nogami M, Yoshikawa M, Ikeno M, Okazaki T, Takami Y, Nakayama T, 
Oshimura M. Dicer is essential for formation of the heterochromatin structure in vertebrate 
cells. Nat Cell Biol 2004; 6:784-91. 
Fukuda, Y., Ishida, R., Aoki, K., Nakahara, K., Takashi, T., Mochida, K., Suzuki, O., 
Matsuda, J. & Kasai, M. 2008, "Contribution of translin to hematopoietic regeneration 
156 
 
after sublethal ionizing irradiation", Biological and Pharmaceutical Bulletin, vol. 31, no. 2, 
pp. 207-211.  
Gajecka M, Pavlicek A, Glotzbach CD, Ballif BC, Jarmuz M, Jurka J, Shaffer LG. 2006. 
Identification of sequence motifs at the breakpoint junctions in three t(1;9)(p36.3;q34) and 
delineation of mechanisms involved in generating balanced translocations. Hum Genet 
120:519-526. 
Ganley, A.R.D. & Kobayashi, T. 2007, "Highly efficient concerted evolution in the 
ribosomal DNA repeats: total rDNA repeat variation revealed by whole-genome shotgun 
sequence data", Genome research, vol. 17, no. 2, pp. 184-191.  
Gerace, E.L. & Moazed, D. 2010, "Histone demethylation and timely DNA replication", 
Molecular cell, vol. 40, no. 5, pp. 683-684. 
Gollin, S.M. Mechanisms leading to nonrandom, nonhomologous chromosomal 
translocations in leukemia, Semin. Cancer Biol. 17 (2007), pp. 74–79 
Gordon, D.J., Resio, B. & Pellman, D. 2012, "Causes and consequences of aneuploidy in 
cancer", Nature Reviews Genetics.  
Goshima, G., Saitoh, S. & Yanagida, M. 1999, "Proper metaphase spindle length is 
determined by centromere proteins Mis12 and Mis6 required for faithful chromosome 
segregation", Genes & development, vol. 13, no. 13, pp. 1664-1677.  
Goto, D.B. & Nakayama, J. 2012, "RNA and epigenetic silencing: Insight from fission 
yeast", Development, growth & differentiation. 
Grabarz, A., Barascu, A., Guirouilh-Barbat, J. & Lopez, B.S. 2012, "Initiation of DNA 
double strand break repair: signaling and single-stranded resection dictate the choice 
between homologous recombination, non-homologous end-joining and alternative end-
joining", American Journal of Cancer Research, vol. 2, no. 3, pp. 249.  
Grewal, S.I.S. & Elgin, S.C.R. 2002, "Heterochromatin: new possibilities for the 
inheritance of structure", Current opinion in genetics & development, vol. 12, no. 2, pp. 
178-187.  
Grewal, S.I.S. & Jia, S. 2007, "Heterochromatin revisited", Nature Reviews Genetics, vol. 
8, no. 1, pp. 35-46.  
Gullerova, M., Moazed, D. & Proudfoot, N.J. 2011, "Autoregulation of convergent RNAi 
genes in fission yeast", Genes & development, vol. 25, no. 6, pp. 556-568.  
Gupta, G.D. & Kumar, V. 2012, "Identification of Nucleic Acid Binding Sites on Translin-
Associated Factor X (TRAX) Protein", PloS one, vol. 7, no. 3, pp. e33035.  
157 
 
Gupta, G.D., Makde, R.D., Rao, B.J. & Kumar, V. 2008, "Crystal structures of Drosophila 
mutant translin and characterization of translin variants reveal the structural plasticity of 
translin proteins", FEBS Journal, vol. 275, no. 16, pp. 4235-4249.  
Hakim, O., Resch, W., Yamane, A., Klein, I., Kieffer-Kwon, K. R., Jankovic, M., ... & 
Casellas, R. (2012). DNA damage defines sites of recurrent chromosomal translocations in 
B lymphocytes. Nature, 484(7392), 69-74. 
  Haldar, D. & Kamakaka, R.T. 2006, "tRNA genes as chromatin barriers", .  
Haldar, S., Saini, A., Nanda, J.S., Saini, S. & Singh, J. 2011, "Role of Swi6/HP1 self-
association-mediated recruitment of Clr4/Suv39 in establishment and maintenance of 
heterochromatin in fission yeast", Journal of Biological Chemistry, vol. 286, no. 11, pp. 
9308.  
Halic, M. & Moazed, D. 2010, "Dicer-independent primal RNAs trigger RNAi and 
heterochromatin formation", Cell, vol. 140, no. 4, pp. 504-516.  
Hall, I.M., Shankaranarayana, G.D., Noma, K., Ayoub, N., Cohen, A. & Grewal, S.I.S. 
2002, "Establishment and maintenance of a heterochromatin domain", Science, vol. 297, 
no. 5590,   pp. 2232-2237.  
Hanahan, D. & Weinberg, R.A. 2011, "Hallmarks of cancer: the next generation", Cell, 
vol. 144, no. 5, pp. 646-674.  
Hansen, K.R., Hazan, I., Shanker, S., Watt, S., Verhein-Hansen, J., Bähler, J., Martienssen, 
R.A., Partridge, J.F., Cohen, A. & Thon, G. 2011, "H3K9me-Independent Gene Silencing 
in Fission Yeast Heterochromatin by Clr5 and Histone Deacetylases", PLoS Genetics, vol. 
7, no. 1, pp. e1001268.  
Harrison CJ, Foroni L. 2002. Cytogenetics and molecular genetics of acute lymphoblastic 
leukemia. Rev Clin Exp Hematol 6:91-113; discussion 200-112. 
Hayashi, A., Ishida, M., Kawaguchi, R., Urano, T., Murakami, Y. & Nakayama, J. 2012, 
"Heterochromatin protein 1 homologue Swi6 acts in concert with Ers1 to regulate RNAi-
directed heterochromatin assembly", Proceedings of the National Academy of Sciences, 
vol. 109, no. 16, pp. 6159-6164.  
Hayashi, M.T., Takahashi, T.S., Nakagawa, T., Nakayama, J. & Masukata, H. 2009, "The 
heterochromatin protein Swi6/HP1 activates replication origins at the pericentromeric 
region and silent mating-type locus", Nature cell biology, vol. 11, no. 3, pp. 357-362.  
Henrique Barreta, M., Garziera Gasperin, B., Braga Rissi, V., Cesaro, M.P., Ferreira, R., 
Oliveira, J.F., Gonçalves, P.B.D. & Bordignon, V. 2012, "Homologous recombination and 
non-homologous end-joining repair pathways in bovine embryos with different 
developmental competence", Experimental cell research.  
158 
 
Hentges, P., Van Driessche, B., Tafforeau, L., Vandenhaute, J. & Carr, A.M. 2005, "Three 
novel antibiotic marker cassettes for gene disruption and marker switching in 
Schizosaccharomyces pombe", Yeast, vol. 22, no. 13, pp. 1013-1019.  
Hosaka T, Kanoe H, Nakayama T, Murakami H, Yamamoto H, Nakamata T, Tsuboyama 
T, Oka M, Kasai M, Sasaki MS, Nakamura T, Toguchida J. 2000. Translin binds to the 
sequences adjacent to the breakpoints of the TLS and CHOP genes in liposarcomas with 
translocation t(12;6). Oncogene 19:5821-5825. 
Howman, E.V., Fowler, K.J., Newson, A.J., Redward, S., MacDonald, A.C., Kalitsis, P. & 
Choo, K. 2000, "Early disruption of centromeric chromatin organization in centromere 
protein A (Cenpa) null mice", Proceedings of the National Academy of Sciences, vol. 97, 
no. 3, pp. 1148.  
Huang, Y. 2002, "Transcriptional silencing in Saccharomyces cerevisiae and 
Schizosaccharomyces pombe", Nucleic acids research, vol. 30, no. 7, pp. 1465-1482.  
Huertas, P. 2010, "DNA resection in eukaryotes: deciding how to fix the break", Nature 
structural & molecular biology, vol. 17, no. 1, pp. 11-16.  
Huisinga, K.L. & Elgin, S.C.R. 2009, "Small RNA-directed heterochromatin formation in 
the context of development: What flies might learn from fission yeast", Biochimica et 
Biophysica Acta (BBA)-Gene Regulatory Mechanisms, vol. 1789, no. 1, pp. 3-16.  
Hyppa, R.W. & Smith, G.R. 2009, "Using Schizosaccharomyces pombe meiosis to analyze 
DNA recombination intermediates", Methods Mol.Biol, vol. 557, pp. 235-252.  
Ishida, R., Okado, H., Sato, H., Shionoiri, C., Aoki, K. & Kasai, M. 2002, "A role for the 
octameric ring protein, Translin, in mitotic cell division", FEBS letters, vol. 525, no. 1-3, 
pp. 105-110.  
Iwasaki, O., Tanaka, A., Tanizawa, H., Grewal, S.I.S. & Noma, K. 2010, "Centromeric 
localization of dispersed Pol III genes in fission yeast", Molecular biology of the cell, vol. 
21, no. 2, pp. 254-265.  
Jaendling, A. & McFarlane, R. 2010, "Biological roles of translin and translin-associated 
factor-X: RNA metabolism comes to the fore", Biochem.J, vol. 429, pp. 225-234. 
Jaendling, A., Ramayah, S., Pryce, D.W. & McFarlane, R.J. 2008, "Functional 
characterisation of the Schizosaccharomyces pombe homologue of the leukaemia-
associated translocation breakpoint binding protein translin and its binding partner, 
TRAX", Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, vol. 1783, no. 2, 
pp. 203-213. 
Jansen, A. & Verstrepen, K.J. 2011, "Nucleosome positioning in Saccharomyces 
cerevisiae", Microbiology and Molecular Biology Reviews, vol. 75, no. 2, pp. 301-320. 
159 
 
Javerzat, J.P., Cranston, G. & Allshire, R.C. 1996, "Fission yeast genes which disrupt 
mitotic chromosome segregation when overexpressed", Nucleic acids research, vol. 24, no. 
23, pp. 4676-4683.  
Javerzat, J.P., McGurk, G., Cranston, G., Barreau, C., Bernard, P., Gordon, C. & Allshire, 
R. 1999, "Defects in components of the proteasome enhance transcriptional silencing at 
fission yeast centromeres and impair chromosome segregation", Molecular and cellular 
biology, vol. 19, no. 7, pp. 5155-5165.  
Jefford, C.E. & Irminger-Finger, I. 2006, "Mechanisms of chromosome instability in 
cancers", Critical reviews in oncology/hematology, vol. 59, no. 1, pp. 1-14. 
Jenuwein, T. and C. D. Allis (2001). "Translating the histone code." Science 293(5532): 
1074-80. 
Jia, S., Noma, K. & Grewal, S.I.S. 2004, "RNAi-independent heterochromatin nucleation 
by the stress-activated ATF/CREB family proteins", Science's STKE, vol. 304, no. 5679, 
pp. 1971.  
Jones, R.M. & Petermann, E. 2012, "Replication fork dynamics and the DNA damage 
response", Biochemical Journal, vol. 443, no. 1, pp. 13-26.  
Kagansky, A., Folco, H.D., Almeida, R., Pidoux, A.L., Boukaba, A., Simmer, F., Urano, 
T., Hamilton, G.L. & Allshire, R.C. 2009, "Synthetic heterochromatin bypasses RNAi and 
centromeric repeats to establish functional centromeres", Science, vol. 324, no. 5935, pp. 
1716-1719.  
Kamminga, L.M. & Ketting, R.F. 2011, "RNAi genes pave their own way", Genes & 
development, vol. 25, no. 6, pp. 529-533.  
Kanoh, J., Sadaie, M., Urano, T. & Ishikawa, F. 2005, "Telomere binding protein Taz1 
establishes Swi6 heterochromatin independently of RNAi at telomeres", Current biology, 
vol. 15, no. 20, pp. 1808-1819.  
Kasai, M., Matsuzaki, T., Katayanagi, K., Omori, A., Maziarz, R.T., Strominger, J.L., 
Aoki, K. & Suzuki, K. 1997, "The translin ring specifically recognizes DNA ends at 
recombination hot spots in the human genome", Journal of Biological Chemistry, vol. 272, 
no. 17, pp. 11402-11407.  
Kasparek, T.R. & Humphrey, T.C. 2011, "DNA double-strand break repair pathways, 
chromosomal rearrangements and cancer", Seminars in Cell & Developmental 
BiologyElsevier.  
Kato, T., Kurahashi, H. & Emanuel, B.S. 2012, "Chromosomal translocations and 
palindromic AT-rich repeats", Current opinion in genetics & development, .  
Kawamata, T. & Tomari, Y. 2010, "Making RISC", Trends in biochemical sciences, vol. 
35, no. 7, pp. 368-376.  
160 
 
Keller, C., Adaixo, R., Stunnenberg, R., Woolcock, K.J., Hiller, S. & Bühler, M. 2012, 
"HP1 Swi6 Mediates the Recognition and Destruction of Heterochromatic RNA 
Transcripts", Molecular cell.  
Kelly, M., Burke, J., Smith, M., Klar, A. & Beach, D. 1988, "Four mating-type genes 
control sexual differentiation in the fission yeast.", The EMBO journal, vol. 7, no. 5, pp. 
1537.  
Ketting, R.F. 2011, "The many faces of RNAi", Developmental cell, vol. 20, no. 2, pp. 
148-161.  
Khair, L., Subramanian, L., Moser, B.A. & Nakamura, T.M. 2010, "Roles of 
heterochromatin and telomere proteins in regulation of fission yeast telomere 
recombination and telomerase recruitment", Journal of Biological Chemistry, vol. 285, no. 
8, pp. 5327.  
Khanna, K.K. & Jackson, S.P. 2001, "DNA double-strand breaks: signaling, repair and the 
cancer connection", Nature genetics, vol. 27, no. 3, pp. 247-254. 
Kim, H.S., Choi, E.S., Shin, J.A., Jang, Y.K. & Dai Park, S. 2004, "Regulation of 
Swi6/HP1-dependent heterochromatin assembly by cooperation of components of the 
mitogen-activated protein kinase pathway and a histone deacetylase Clr6", Journal of 
Biological Chemistry, vol. 279, no. 41, pp. 42850-42859.  
Kim, N. & Jinks-Robertson, S. 2012, "Transcription as a source of genome instability", 
Nature Reviews Genetics.  
Kimata, Y., Matsuyama, A., Nagao, K., Furuya, K., Obuse, C., Yoshida, M. & Yanagida, 
M. 2008, "Diminishing HDACs by drugs or mutations promotes normal or abnormal sister 
chromatid separation by affecting APC/C and adherin", Journal of cell science, vol. 121, 
no. 7, pp. 1107-1118.  
Kinsey, P.T. & Sandmeyer, S.B. 1991, "Adjacent pol II and pol III promoters: transcription 
of the yeast retrotransposon Ty3 and a target tRNA gene", Nucleic acids research, vol. 19, 
no. 6, pp. 1317-1324.  
Kitamura, K., Katayama, S., Dhut, S., Sato, M., Watanabe, Y., Yamamoto, M. & Toda, T. 
2001, "Phosphorylation of Mei2 and Ste11 by Pat1 kinase inhibits sexual differentiation 
via ubiquitin proteolysis and 14-3-3 protein in fission yeast", Developmental cell, vol. 1, 
no. 3, pp. 389-399.  
Kitano, E., Hayashi, A., Kanai, D., Shinmyozu, K. & Nakayama, J. 2011, "Roles of Fission 
Yeast Grc3 Protein in Ribosomal RNA Processing and Heterochromatic Gene Silencing", 
Journal of Biological Chemistry, vol. 286, no. 17, pp. 15391.  
Klar, A. J. (2007). Lessons Learned from Studies of Fission Yeast Mating-Type Switching 
and Silencing*. Annu. Rev. Genet., 41. 
161 
 
  Klar, A.J.S. & Bonaduce, M.J. 1991, "Swi6, a Gene Required for Mating-Type Switching, 
Prohibits Meiotic Recombination in the Mat2-Mat3``cold Spot''of Fission Yeast", 
Genetics, vol. 129, no. 4, pp. 1033-1042.  
Kobayashi, T., Horiuchi, T., Tongaonkar, P., Vu, L. & Nomura, M. 2004, "SIR2 regulates 
recombination between different rDNA repeats, but not recombination within individual 
rRNA genes in yeast", Cell, vol. 117, no. 4, pp. 441-453.  
Kopnin, B. P.(2006) Genome Instability and Oncogenesis. Molecular Biology, 2007, Vol. 
41, No. 2, pp. 329–339 
Krapp, A., del Rosario, E.C. & Simanis, V. 2010, "The role of Schizosaccharomyces 
pombe dma1 in spore formation during meiosis", Journal of cell science, vol. 123, no. 19, 
pp. 3284.  
Krejci, L., Altmannova, V., Spirek, M. & Zhao, X. 2012, "Homologous recombination and 
its regulation", Nucleic acids research.  
Krings, G. & Bastia, D. 2004, "swi1-and swi3-dependent and independent replication fork 
arrest at the ribosomal DNA of Schizosaccharomyces pombe", Proceedings of the National 
Academy of Sciences of the United States of America, vol. 101, no. 39, pp. 14085.  
Krogh, B.O. & Symington, L.S. 2004, "Recombination proteins in yeast", 
Annu.Rev.Genet., vol. 38, pp. 233-271.  
Kuhn, R.M., Clarke, L. & Carbon, J. 1991, "Clustered tRNA genes in 
Schizosaccharomyces pombe centromeric DNA sequence repeats", Proceedings of the 
National Academy of Sciences, vol. 88, no. 4, pp. 1306.  
Lans, H., Marteijn, J.A. & Vermeulen, W. 2012, "ATP-dependent chromatin remodeling in 
the DNA-damage response", Epigenetics & Chromatin, vol. 5, pp. 4.  
Laufman, O., Yosef, R.B., Adir, N. & Manor, H. 2005, "Cloning and characterization of 
the Schizosaccharomyces pombe homologs of the human protein Translin and the 
Translin-associated protein TRAX", Nucleic acids research, vol. 33, no. 13, pp. 4128-
4139.  
Lavau, C., Marchio, A., Chomienne, C., Degos, L. & Dejean, A. 1991, "The PML-RARα 
fusion mRNA generated by the t (15; 17) translocation in acute promyelocytic leukemia 
encodes a functionally altered RAR", Cell, vol. 66, no. 4, pp. 675-684.  
Leber, R., Wise, T.W., Mizuta, R. & Meek, K. 1998, "The XRCC4 gene product is a target 
for and interacts with the DNA-dependent protein kinase", Journal of Biological 
Chemistry, vol. 273, no. 3, pp. 1794.  
Lejeune, E. & Allshire, R.C. 2011, "Common ground: small RNA programming and 
chromatin modifications", Current opinion in cell biology.  
162 
 
Li, K., Wang, L., Cheng, J., Lu, Y.Y., Zhang, L.X., Mu, J.S., Hong, Y., Liu, Y., Duan, H.J. 
& Wang, G. 2003, "Interaction between hepatitis C virus core protein and translin protein-
a possible molecular mechanism for hepatocellular carcinoma and lymphoma caused by 
hepatitis C virus", World Journal of Gastroenterology, vol. 9, no. 2, pp. 300-303.  
Li, L., Gu, W., Liang, C., Liu, Q., Mello, C.C. & Liu, Y. 2012, "The translin–TRAX 
complex (C3PO) is a ribonuclease in tRNA processing", Nature Structural & Molecular 
Biology, vol. 19, no. 8, pp. 824-830. 
Li, P.C., Chretien, L., Côté, J., Kelly, T.J. & Forsburg, S.L. 2011, "S. pombe replication 
protein Cdc18 (Cdc6) interacts with Swi6 (HP1) heterochromatin protein: Region specific 
effects and replication timing in the centromere", Cell Cycle, vol. 10, no. 2, pp. 323. 336 
Li, X. & Heyer, W.D. 2008, "Homologous recombination in DNA repair and DNA damage 
tolerance", Cell research, vol. 18, no. 1, pp. 99-113.  
Li, Z., Wu, Y. & Baraban, J.M. 2008, "The Translin/Trax RNA binding complex: Clues to 
function in the nervous system", Biochimica et Biophysica Acta (BBA)-Gene Regulatory 
Mechanisms, vol. 1779, no. 8, pp. 479-485.  
Liu, Q. & Paroo, Z. 2010, "Biochemical principles of small RNA pathways", Annual 
Review of Biochemistry, vol. 79, pp. 295-319.  
Liu, Y., Tan, H., Tian, H., Liang, C., Chen, S. & Liu, Q. 2011, "Autoantigen La Promotes 
Efficient RNAi, Antiviral Response, and Transposon Silencing by Facilitating Multiple-
Turnover RISC Catalysis", Molecular cell, vol. 44, no. 3, pp. 502-508.  
Liu, Y., Ye, X., Jiang, F., Liang, C., Chen, D., Peng, J., Kinch, L.N., Grishin, N.V. & Liu, 
Q. 2009, "C3PO, an endoribonuclease that promotes RNAi by facilitating RISC 
activation", Science, vol. 325, no. 5941, pp. 750-753.  
Lluis, M., Hoe, W., Schleit, J. & Robertus, J. 2010, "Analysis of nucleic acid binding by a 
recombinant translin–trax complex", Biochemical and biophysical research 
communications, vol. 396, no. 3, pp. 709-713.  
Lombard, D. B., K. F. Chua, R. Mostoslavsky, S. Franco, M. Gostissa and F. W. Alt 
(2005). "DNA repair, genome stability, and aging." Cell 120(4): 497-512. 
Lord, C.J. & Ashworth, A. 2012, "The DNA damage response and cancer therapy", 
Nature, vol. 481, no. 7381, pp. 287-294.  
MacRae, I.J., Zhou, K., Li, F., Repic, A., Brooks, A.N., Cande, W.Z., Adams, P.D. & 
Doudna, J.A. 2006, "Structural basis for double-stranded RNA processing by Dicer", 
Science, vol. 311, no. 5758, pp. 195.  
Magnander, K. & Elmroth, K. 2012, "Biological consequences of formation and repair of 
complex DNA damage", Cancer letters.  
163 
 
Majewski J, Ott J. 2000. GT repeats are associated with recombination on human 
chromosome 22. Genome Res 10:1108-1114. 
Malone, C.D. & Hannon, G.J. 2009, "Small RNAs as guardians of the genome", Cell, vol. 
136, no. 4, pp. 656-668.  
Mandell, J.G., Bahler, J., Volpe, T.A., Martienssen, R.A. & Cech, T.R. 2005, "Global 
expression changes resulting from loss of telomeric DNA in fission yeast", Genome Biol, 
vol. 6, no. 1, pp. R1.  
Manning, A.L., Longworth, M.S. & Dyson, N.J. 2010, "Loss of pRB causes centromere 
dysfunction and chromosomal instability", Genes & development, vol. 24, no. 13, pp. 
1364-1376.  
Matia-Gonzalez, A.M., Sotelo, J. & Rodriguez-Gabriel, M.A. 2012, "The RNA Binding 
Protein Csx1 Promotes Sexual Differentiation in Schizosaccharomyces pombe", PloS one, 
vol. 7, no. 1, pp. e30067. 
Martienssen, R.A.; Zaratiegui, M.; Goto, D.B. 2005. RNA interference and 
heterochromatin in the fission yeast Schizosaccharomyces pombe. TRENDS in Genetics,  
21, 8, 450-456, Elsevier 
Martin, I.V. & MacNeill, S.A. 2002, "ATP-dependent DNA ligases", Genome Biol, vol. 3, 
no. 4.  
Matsumoto, Y., Suzuki, N., Namba, N., Umeda, N., Ma, X.J., Morita, A., Tomita, M., 
Enomoto, A., Serizawa, S. & Hirano, K. 2000, "Cleavage and phosphorylation of XRCC4 
protein induced by X-irradiation", FEBS letters, vol. 478, no. 1, pp. 67-71.  
Matzke, M.A. & Birchler, J.A. 2005, "RNAi-mediated pathways in the nucleus", Nature 
Reviews Genetics, vol. 6, no. 1, pp. 24-35.  
Mazumdar, D. 2007, "Chromosomal mutational algebra I", Advanced Modeling and 
Optimization, vol. 9, no. 2, pp. 237-247.  
McFarlane, R.J. & Whitehall, S.K. 2009, "tRNA genes in eukaryotic genome organization 
and reorganization", Cell Cycle, vol. 8, no. 19, pp. 3102-3106.  
Meister, G. & Tuschl, T. 2004, "Mechanisms of gene silencing by double-stranded RNA", 
Nature, vol. 431, no. 7006, pp. 343-349.  
Michael R. Stratton, Peter J. Campbell & P. Andrew Futrea (2009) the cancer genome. 
Nature 458, 719-724. 
Millar, J.K., Christie, S., Semple, C.A.M. & Porteous, D.J. 2000, "Chromosomal location 
and genomic structure of the human translin-associated factor X gene (TRAX; TSNAX) 
revealed by intergenic splicing to DISC1, a gene disrupted by a translocation segregating 
with schizophrenia", Genomics, vol. 67, no. 1, pp. 69-77.  
164 
 
Miyoshi, T., Sadaie, M., Kanoh, J. & Ishikawa, F. 2003, "Telomeric DNA ends are 
essential for the localization of Ku at telomeres in fission yeast", Journal of Biological 
Chemistry, vol. 278, no. 3, pp. 1924.  
Mizuki, F., Tanaka, A., Hirose, Y. & Ohkuma, Y. 2011, "The HIRA Complex Subunit 
Hip3 Plays Important Roles in the Silencing of Meiosis-Specific Genes in 
Schizosaccharomyces pombe", PloS one, vol. 6, no. 4, pp. e19442.  
Mladenov, E. & Iliakis, G. 2011, "Induction and repair of DNA double strand breaks: The 
increasing spectrum of non-homologous end joining pathways", Mutation 
Research/Fundamental and Molecular Mechanisms of Mutagenesis, .  
Moazed, D. 2009, "Small RNAs in transcriptional gene silencing and genome defence", 
Nature, vol. 457, no. 7228, pp. 413-420.  
Moazed, D. 2001, "Common themes in mechanisms of gene silencing", Molecular cell, 
vol. 8, no. 3, pp. 489-498.  
Moraes, M. C., Neto, J. B., & Menck, C. F. (2012). DNA repair mechanisms protect our 
genome from carcinogenesis. Front Biosci, 17, 1362-88. 
  Muddashetty, R.S., Khanam, T., Kondrashov, A., Bundman, M., Iacoangeli, A., 
Kremerskothen, J., Duning, K., Barnekow, A., Hüttenhofer, A. & Tiedge, H. 2002, "Poly 
(A)-binding protein is associated with neuronal BC1 and BC200 ribonucleoprotein 
particles", Journal of Molecular Biology, vol. 321, no. 3, pp. 433-445.  
Murakami, H., Goto, D.B., Toda, T., Chen, E.S., Grewal, S.I., Martienssen, R.A. & 
Yanagida, M. 2007, "Ribonuclease activity of Dis3 is required for mitotic progression and 
provides a possible link between heterochromatin and kinetochore function", PLoS One, 
vol. 2, no. 3, pp. e317.  
Mythreye, K. & Bloom, K.S. 2003, "Differential kinetochore protein requirements for 
establishment versus propagation of centromere activity in Saccharomyces cerevisiae", The 
Journal of cell biology, vol. 160, no. 6, pp. 833-843.  
Nakayama, J., Klar, A.J.S. & Grewal, S.I.S. 2000, "A chromodomain protein, Swi6, 
performs imprinting functions in fission yeast during mitosis and meiosis", Cell, vol. 101, 
no. 3, pp. 307-317.  
Nasiri, M., Saadat, I., Omidvari, S. & Saadat, M. 2012, "Genetic variation in DNA repair 
gene< i> XRCC7</i>(G6721T) and susceptibility to breast cancer", Gene .  
Neale, M.J. & Keeney, S. 2006, "Clarifying the mechanics of DNA strand exchange in 
meiotic recombination", Nature, vol. 442, no. 7099, pp. 153-158.  
Nechemia-Arbely, Y., Fachinetti, D. & Cleveland, D.W. 2012, "Replicating centromeric 
chromatin: Spatial and temporal control of CENP-A assembly", Experimental cell 
research.  
165 
 
Nielsen, O. 1993, "Signal transduction during mating and meiosis in S. pombe", Trends in 
cell biology, vol. 3, no. 2, pp. 60-65.  
Nielsen, O., & Davey, J. (1995, April). Pheromone communication in the fission yeast< i> 
Schizosaccharomyces pombe</i>. In Seminars in cell biology (Vol. 6, No. 2, pp. 95-104). 
Academic Press. 
Nigg, E.A. 2002, "Centrosome aberrations: cause or consequence of cancer progression?", 
Nature Reviews Cancer, vol. 2, no. 11, pp. 815-825.  
Nimmo, E.R., Cranston, G. & Allshire, R.C. 1994, "Telomere-associated chromosome 
breakage in fission yeast results in variegated expression of adjacent genes.", The EMBO 
journal, vol. 13, no. 16, pp. 3801.  
Noma, K., Sugiyama, T., Cam, H., Verdel, A., Zofall, M., Jia, S., Moazed, D. & Grewal, 
S.I.S. 2004, "RITS acts in cis to promote RNA interference–mediated transcriptional and 
post-transcriptional silencing", Nature genetics, vol. 36, no. 11, pp. 1174-1180.  
Nurse, P.M. 2002, "Cyclin dependent kinases and cell cycle control", Biosci Rep, vol. 22, 
pp. 487-499.  
Oki, M. & Kamakaka, R.T. 2005, "Barrier Function at< i> HMR</i>", Molecular cell, vol. 
19, no. 5, pp. 707-716.  
Olsson, I. & Bjerling, P. 2011, "Advancing our understanding of functional genome 
organisation through studies in the fission yeast", Current genetics, , pp. 1-12.  
Olsson, T.G.S., Silverstein, R.A., Ekwall, K. & Sunnerhagen, P. 1999, "Transient 
inhibition of histone deacetylase activity overcomes silencing in the mating-type region in 
fission yeast", Current genetics, vol. 35, no. 2, pp. 82-87.  
Ostermann, K., Lorentz, A. & Schmidt, H. 1993, "The fission yeast rad22 gene, having a 
function in matingtype switching and repair of DNA damages, encodes a protein homolog 
to Rad52 of Saccharomyces cerevisiae", Nucleic acids research, vol. 21, no. 25, pp. 5940-
5944.  
Partridge, J.F., Scott, K.S.C., Bannister, A.J., Kouzarides, T. & Allshire, R.C. 2002, " cis-
Acting DNA from Fission Yeast Centromeres Mediates Histone H3 Methylation and 
Recruitment of Silencing Factors and Cohesin to an Ectopic Site", Current biology, vol. 
12, no. 19, pp. 1652-1660.  
Pascal JM, Hart PJ, Hecht NB, Robertus JD. 2002. Crystal structure of TB-RBP, a novel 
RNA-binding and regulating protein. J Mol Biol 319:1049-1057. 
Peltomäki, P. 2011, "Mutations and epimutations in the origin of cancer", Experimental 
cell research.  
166 
 
Peng, J.C. & Karpen, G.H. 2009, "Heterochromatic genome stability requires regulators of 
histone H3 K9 methylation", PLoS Genetics, vol. 5, no. 3, pp. e1000435.  
Nowell, P. C. (2007). Discovery of the Philadelphia chromosome: a personal perspective. 
Journal of Clinical Investigation, 117(8), 2033. 
  Pidoux, A.L. & Allshire, R.C. 2005, "The role of heterochromatin in centromere function", 
Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 360, no. 1455, 
pp. 569-579.  
Polo, S.E. & Jackson, S.P. 2011, "Dynamics of DNA damage response proteins at DNA 
breaks: a focus on protein modifications", Genes & development, vol. 25, no. 5, pp. 409-
433.  
Poon, B.P.K. & Mekhail, K. 2012, "Frontiers: Effects of Perinuclear Chromosome Tethers 
in the Telomeric URA3/5FOA System Reflect Changes to Gene Silencing and not 
Nucleotide Metabolism", Frontiers in Genetics Of Aging, vol. 3.  
Raab, J.R., Chiu, J., Zhu, J., Katzman, S., Kurukuti, S., Wade, P.A., Haussler, D. & 
Kamakaka, R.T. 2011, "Human tRNA genes function as chromatin insulators", The EMBO 
journal, vol. 31, no. 2, pp. 330-350.  
Raji, H. & Hartsuiker, E. 2006, "Double‐strand break repair and homologous 
recombination in Schizosaccharomyces pombe", Yeast, vol. 23, no. 13, pp. 963-976.  
Raoul Tan, T., Kanaar, R. & Wyman, C. 2003, "Rad54, a Jack of all trades in homologous 
recombination", DNA repair, vol. 2, no. 7, pp. 787-794.  
Rass, E., Grabarz, A., Bertrand, P. & Lopez, B.S. 2012, "Double strand break repair, one 
mechanism can hide another: alternative non-homologous end joining", Cancer 
radiotherapie : journal de la Societe francaise de radiotherapie oncologique, vol. 16, no. 
1, pp. 1-10.  
Reddy, B.D., Wang, Y., Niu, L., Higuchi, E.C., Marguerat, S.B., Bähler, J., Smith, G.R. & 
Jia, S. 2011, "Elimination of a specific histone H3K14 acetyltransferase complex bypasses 
the RNAi pathway to regulate pericentric heterochromatin functions", Genes & 
development, vol. 25, no. 3, pp. 214-219.  
Reinhardt, H.C. & Schumacher, B. 2012, "The p53 network: cellular and systemic DNA 
damage responses in aging and cancer", Trends in Genetics.  
Ren, J. & Martienssen, R.A. 2012, "Silent decision: HP1 protein escorts heterochromatic 
RNAs to their destiny", The EMBO journal.  
Reyes-Turcu, F.E. & Grewal, S.I.S. 2012, "Different means, same end—heterochromatin 
formation by RNAi and RNAi-independent RNA processing factors in fission yeast", 
Current opinion in genetics & development.  
167 
 
Reyes-Turcu, F. E., Zhang, K., Zofall, M., Chen, E., & Grewal, S. I. (2011). Defects in 
RNA quality control factors reveal RNAi-independent nucleation of heterochromatin. 
Nature structural & molecular biology, 18(10), 1132-1138. 
  Roy, B. & Sanyal, K. 2011, "Diversity in requirement of genetic and epigenetic factors for 
centromere function in fungi", Eukaryotic Cell, vol. 10, no. 11, pp. 1384-1395.  
Rudd, M.K., Mays, R.W., Schwartz, S. & Willard, H.F. 2003, "Human artificial 
chromosomes with alpha satellite-based de novo centromeres show increased frequency of 
nondisjunction and anaphase lag", Molecular and cellular biology, vol. 23, no. 21, pp. 
7689-7697.  
Sadaie, M., Iida, T., Urano, T. & Nakayama, J. 2004, "A chromodomain protein, Chp1, is 
required for the establishment of heterochromatin in fission yeast", The EMBO journal, 
vol. 23, no. 19, pp. 3825-3835.  
Saito, K., Miyoshi, K., Siomi, M.C. & Siomi, H. 2010, "The Key Features of RNA 
Silencing", RNA Technologies and Their Applications, , pp. 1-28.  
Saitoh, S., Takahashi, K. & Yanagida, M. 1997, "Mis6, a fission yeast inner centromere 
protein, acts during G1/S and forms specialized chromatin required for equal segregation", 
Cell, vol. 90, no. 1, pp. 131-143.  
Sandberg, A.A. 1966. The chromosomes and causation of human cancer and leukemia. 
Cancer Res. 269:2064-2081. 
San Filippo, J., Sung, P. & Klein, H. 2008, "Mechanism of eukaryotic homologous 
recombination", Annu.Rev.Biochem., vol. 77, pp. 229-257.  
Sashital, D.G. & Doudna, J.A. 2010, "Structural insights into RNA interference", Current 
opinion in structural biology, vol. 20, no. 1, pp. 90-97.  
Sauvageau, S., Stasiak, A.Z., Banville, I., Ploquin, M., Stasiak, A. & Masson, J.Y. 2005, 
"Fission yeast rad51 and dmc1, two efficient DNA recombinases forming helical 
nucleoprotein filaments", Molecular and cellular biology, vol. 25, no. 11, pp. 4377-4387.  
Schramke, V., Sheedy, D.M., Denli, A.M., Bonila, C., Ekwall, K., Hannon, G.J. & 
Allshire, R.C. 2005, "RNA-interference-directed chromatin modification coupled to RNA 
polymerase II transcription", Nature, vol. 435, no. 7046, pp. 1275-1279.  
Scott, K.C., Merrett, S.L. & Willard, H.F. 2006, "A heterochromatin barrier partitions the 
fission yeast centromere into discrete chromatin domains", Current biology, vol. 16, no. 2, 
pp. 119-129.  
Scott, K.C., White, C.V. & Willard, H.F. 2007, "An RNA polymerase III-dependent 
heterochromatin barrier at fission yeast centromere 1", PLoS One, vol. 2, no. 10, pp. 
e1099.  
168 
 
Shankaranarayana, G.D., Motamedi, M.R., Moazed, D. & Grewal, S.I.S. 2003, "Sir2 
regulates histone H3 lysine 9 methylation and heterochromatin assembly in fission yeast", 
Current biology, vol. 13, no. 14, pp. 1240-1246.  
Shao, S., Liu, R., Wang, Y., Song, Y., Zuo, L., Xue, L., Lu, N., Hou, N., Wang, M. & 
Yang, X. 2010, "Centrosomal Nlp is an oncogenic protein that is gene-amplified in human 
tumors and causes spontaneous tumorigenesis in transgenic mice", The Journal of clinical 
investigation, vol. 120, no. 2, pp. 498.  
Shigehisa, A., Okuzaki, D., Kasama, T., Tohda, H., Hirata, A. & Nojima, H. 2010, 
"Mug28, a Meiosis-specific Protein of Schizosaccharomyces pombe, Regulates Spore Wall 
Formation", Molecular biology of the cell, vol. 21, no. 12, pp. 1955-1967.  
Shimada, A. & Murakami, Y. 2010, "Dynamic regulation of heterochromatin function via 
phosphorylation of HP1-family proteins", Epigenetics, vol. 5, no. 1, pp. 30-33.  
Shiroiwa, Y., Hayashi, T., Fujita, Y., Villar-Briones, A., Ikai, N., Takeda, K., Ebe, M. & 
Yanagida, M. 2011, "Mis17 Is a Regulatory Module of the Mis6-Mal2-Sim4 Centromere 
Complex That Is Required for the Recruitment of CenH3/CENP-A in Fission Yeast", PloS 
one, vol. 6, no. 3, pp. e17761.  
Shrivastav, M., De Haro, L.P. & Nickoloff, J.A. 2007, "Regulation of DNA double-strand 
break repair pathway choice", Cell research, vol. 18, no. 1, pp. 134-147.  
Sigova, A., Rhind, N. & Zamore, P.D. 2004, "A single Argonaute protein mediates both 
transcriptional and posttranscriptional silencing in Schizosaccharomyces pombe", Genes & 
development, vol. 18, no. 19, pp. 2359.  
Siomi, H. & Siomi, M.C. 2009, "On the road to reading the RNA-interference code", 
Nature, vol. 457, no. 7228, pp. 396-404. 
Smirnova, J.B. & McFarlane, R.J. 2002, "The Unique Centromeric Chromatin Structure 
ofSchizosaccharomyces pombe Is Maintained during Meiosis", Journal of Biological 
Chemistry, vol. 277, no. 22, pp. 19817-19822.  
Smith, G.C.M. & Jackson, S.P. 1999, "The DNA-dependent protein kinase", Genes & 
development, vol. 13, no. 8, pp. 916-934.  
Smith, G.R. 2009, "Genetic analysis of meiotic recombination in Schizosaccharomyces 
pombe", Methods Mol Biol, vol. 557, pp. 65-76.  
Smith, K.M., Kothe, G.O., Matsen, C.B., Khlafallah, T.K., Adhvaryu, K.K., Hemphill, M., 
Freitag, M., Motamedi, M.R. & Selker, E.U. 2008, "Epigenetics & Chromatin".  
Solier, S., W Zhang, Y., Ballestrero, A., Pommier, Y. & Zoppoli, G. 2012, "DNA Damage 
Response Pathways and Cell Cycle Checkpoints in Colorectal Cancer: Current Concepts 
and Future Perspectives for Targeted Treatment", Current Cancer Drug Targets, vol. 12, 
no. 4, pp. 356-371.  
169 
 
Stefanachi, A., Leonetti, F., Nicolotti, O., Catto, M., Pisani, L., Cellamare, S., & Carotti, 
A. (2012). New Strategies in the Chemotherapy of Leukemia: Eradicating Cancer Stem 
Cells in Chronic Myeloid Leukemia. Current Cancer Drug Targets, 12(5), 571-596. 
 
 Stefania, G., Silvana, B., Harry, D., Claudio, G., Andrea, G., Patrizia, F., & Giorgio, G. 
(2009). The tumor suppressor gene TRC8/RNF139 is disrupted by a constitutional 
balanced translocation t (8; 22)(q24. 13; q11. 21) in a young girl with dysgerminoma. 
Molecular Cancer, 8. 
  Steiner, N., Hahnenberger, K. & Clarke, L. 1993, "Centromeres of the fission yeast 
Schizosaccharomyces pombe are highly variable genetic loci.", Molecular and cellular 
biology, vol. 13, no. 8, pp. 4578-4587.  
Sugiyama, T., Cam, H., Verdel, A., Moazed, D. & Grewal, S.I.S. 2005, "RNA-dependent 
RNA polymerase is an essential component of a self-enforcing loop coupling 
heterochromatin assembly to siRNA production", Proceedings of the National Academy of 
Sciences of the United States of America, vol. 102, no. 1, pp. 152.  
Sun, F.L. & Elgin, S.C.R. 1999, "Putting Boundaries on Silence Minireview", Cell, vol. 
99, pp. 459-462.  
Sun, W., Lorenz, A., Osman, F. & Whitby, M.C. 2011, "A failure of meiotic chromosome 
segregation in a fbh1Δ mutant correlates with persistent Rad51-DNA associations", 
Nucleic acids research, vol. 39, no. 5, pp. 1718-1731.  
Suseendranathan, K., Sengupta, K., Rikhy, R., D’Souza, J.S., Kokkanti, M., Kulkarni, 
M.G., Kamdar, R., Changede, R., Sinha, R. & Subramanian, L. 2007, "Expression pattern 
of< i> Drosophila</i> translin and behavioral analyses of the mutant", European journal of 
cell biology, vol. 86, no. 3, pp. 173-186.  
Suwaki, N., Klare, K., & Tarsounas, M. (2011, October). RAD51 paralogs: Roles in DNA 
damage signalling, recombinational repair and tumorigenesis. In Seminars in cell & 
developmental biology (Vol. 22, No. 8, pp. 898-905). Academic Press. 
  Svendsen, J.M. & Harper, J.W. 2010, "GEN1/Yen1 and the SLX4 complex: solutions to 
the problem of Holliday junction resolution", Genes & development, vol. 24, no. 6, pp. 
521-536.  
Swevers, L., Liu, J., Huvenne, H. & Smagghe, G. 2011, "Search for limiting factors in the 
RNAi pathway in silkmoth tissues and the Bm5 cell line: The RNA-binding proteins R2D2 
and Translin", Plos One, vol. 6, no. 5, pp. e20250.  
Takahashi, K., Murakami, S., Chikashige, Y., Niwa, O. & Yanagida, M. 1991, "A large 
number of tRNA genes are symmetrically located in fission yeast centromeres", Journal of 
Molecular Biology, vol. 218, no. 1, pp. 13-17.  
170 
 
Takahashi, K., Yamada, H. & Yanagida, M. 1994, "Fission yeast minichromosome loss 
mutants mis cause lethal aneuploidy and replication abnormality.", Molecular biology of 
the cell, vol. 5, no. 10, pp. 1145.  
Takata, M., Sasaki, M.S., Sonoda, E., Morrison, C., Hashimoto, M., Utsumi, H., 
Yamaguchi-Iwai, Y., Shinohara, A. & Takeda, S. 1998, "Homologous recombination and 
non-homologous end-joining pathways of DNA double-strand break repair have 
overlapping roles in the maintenance of chromosomal integrity in vertebrate cells", The 
EMBO journal, vol. 17, no. 18, pp. 5497-5508.  
Talbert, P.B. & Henikoff, S. 2006, "Spreading of silent chromatin: inaction at a distance", 
Nature Reviews Genetics, vol. 7, no. 10, pp. 793-803.  
Tang, G. 2005, "siRNA and miRNA: an insight into RISCs", Trends in biochemical 
sciences, vol. 30, no. 2, pp. 106-114.  
Terence H. Rabbitts, Martin R. Stocks(2003). Chromosomal Translocation Products 
Engender New Intracellular Therapeutic Technologies. Nature medicine, 9(4), 383-386. 
Thon, G. & Klar, A. 1993, "Directionality of fission yeast mating-type interconversion is 
controlled by the location of the donor loci", Genetics, vol. 134, no. 4, pp. 1045-1054.  
Tian, Y., Simanshu, D.K., Ascano, M., Diaz-Avalos, R., Park, A.Y., Juranek, S.A., Rice, 
W.J., Yin, Q., Robinson, C.V. & Tuschl, T. 2011, "Multimeric assembly and biochemical 
characterization of the Trax–translin endonuclease complex", Nature structural & 
molecular biology, vol. 18, no. 6, pp. 658-664.  
Tomari, Y., & Zamore, P. D. (2005). Perspective: machines for RNAi. Genes & 
development, 19(5), 517-529. 
  Tomita, M. 2010, "Involvement of DNA-PK and ATM in radiation- and heat-induced 
DNA damage recognition and apoptotic cell death", Journal of radiation research, vol. 51, 
no. 5, pp. 493-501.  
Traversa, M., Carey, L. & Leigh, D. 2010, "A molecular strategy for routine 
preimplantation genetic diagnosis in both reciprocal and Robertsonian translocation 
carriers", Molecular human reproduction, vol. 16, no. 5, pp. 329-337.  
Trewick, S.C., Minc, E., Antonelli, R., Urano, T. & Allshire, R.C. 2007, "The JmjC 
domain protein Epe1 prevents unregulated assembly and disassembly of heterochromatin", 
The EMBO journal, vol. 26, no. 22, pp. 4670-4682.  
Tucker, J.D. 2010, "Chromosome translocations and assessing human exposure to adverse 
environmental agents", Environmental and molecular mutagenesis, vol. 51, no. 8‐9, pp. 
815-824.  
Ukimori, S., Kawabata,N., Shimada,H.,Imano,R.,Takahashi,K.,Yukawa,M.,Tsuchiya,E. 
and Ueno, M. 2012, "A Double Mutant between Fission Yeast Telomerase and RecQ 
171 
 
Helicase Is Sensitive to Thiabendazole, an Anti-Microtubule Drug", Bioscience, 
biotechnology, and biochemistry, vol. 76, no. 2, pp. 264-269. 
Valbuena, N. & Moreno, S. 2010, "TOR and PKA pathways synergize at the level of the 
Ste11 transcription factor to prevent mating and meiosis in fission yeast", PloS one, vol. 5, 
no. 7, pp. e11514.  
Van Gent, D.C., Hoeijmakers, J.H.J. & Kanaar, R. 2001, "Chromosomal stability and the 
DNA double-stranded break connection", Nature Reviews Genetics, vol. 2, no. 3, pp. 196-
206. 
van Wolfswinkel, J.C. & Ketting, R.F. 2010, "The role of small non-coding RNAs in 
genome stability and chromatin organization", Journal of cell science, vol. 123, no. 11, pp. 
1825-1839.  
Vasiljeva, L., Kim, M., Mutschler, H., Buratowski, S. & Meinhart, A. 2008, "The Nrd1–
Nab3–Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase 
II C-terminal domain", Nature structural & molecular biology, vol. 15, no. 8, pp. 795-804.  
Venkatesan, R.N., Bielas, J.H. & Loeb, L.A. 2006, "Generation of mutator mutants during 
carcinogenesis", DNA repair, vol. 5, no. 3, pp. 294-302. 
Verdel, A., Jia, S., Gerber, S., Sugiyama, T., Gygi, S., Grewal, S. I., & Moazed, D. (2004). 
RNAi-mediated targeting of heterochromatin by the RITS complex. Science, 303(5658), 
672-676. 
  Verdel, A. & Moazed, D. 2005, "RNAi-directed assembly of heterochromatin in fission 
yeast", FEBS letters, vol. 579, no. 26, pp. 5872-5878.  
Volpe, T., & Martienssen, R. A. (2011). RNA interference and heterochromatin assembly. 
Cold Spring Harbor Perspectives in Biology, 3(9). 
  Volpe, T., Schramke, V., Hamilton, G.L., White, S.A., Teng, G., Martienssen, R.A. & 
Allshire, R.C. 2003, "RNA interference is required for normal centromere function 
infission yeast", Chromosome Research, vol. 11, no. 2, pp. 137-146.  
Volpe, T.A., Kidner, C., Hall, I.M., Teng, G., Grewal, S.I.S. & Martienssen, R.A. 2002, 
"Regulation of heterochromatic silencing and histone H3 lysine-9 methylation by RNAi", 
Science, vol. 297, no. 5588, pp. 1833-1837.  
Walker JR, Corpina RA, Goldberg J. 2001. Structure of the Ku heterodimer bound to DNA 
and its implications for double-strand break repair. Nature 412:607-614. 
Wang, J., Boja, E.S., Oubrahim, H. & Chock, P.B. 2004, "Testis brain ribonucleic acid-
binding protein/translin possesses both single-stranded and double-stranded ribonuclease 
activities", Biochemistry, vol. 43, no. 42, pp. 13424-13431.  
172 
 
Watson, A.T., Garcia, V., Bone, N., Carr, A.M. & Armstrong, J. 2008, "Gene tagging and 
gene replacement using recombinase-mediated cassette exchange in Schizosaccharomyces 
pombe", Gene, vol. 407, no. 1-2, pp. 63-74.  
Weberpals, J.I., Koti, M. & Squire, J.A. 2011, "Targeting genetic and epigenetic alterations 
in the treatment of serous ovarian cancer", Cancer Genetics, vol. 204, no. 10, pp. 525-535.  
Wei, Y., Sun, M., Nilsson, G., Dwight, T., Xie, Y., Wang, J., Hou, Y., Larsson, O., 
Larsson, C. & Zhu, X. 2003, "Characteristic sequence motifs located at the genomic 
breakpoints of the translocation t (X; 18) in synovial sarcomas", Oncogene, vol. 22, no. 14, 
pp. 2215-2222.  
Weinstock, D. M., Richardson, C. A., Elliott, B., & Jasin, M. (2006). Modeling oncogenic 
translocations: distinct roles for double-strand break repair pathways in translocation 
formation in mammalian cells. DNA repair, 5(9-10), 1065. 
  Weterings, E. & Chen, D.J. 2008, "The endless tale of non-homologous end-joining", Cell 
research, vol. 18, no. 1, pp. 114-124. 
White, R.J. 2011, "Transcription by RNA polymerase III: more complex than we thought", 
Nature Reviews Genetics, vol. 12, no. 7, pp. 459-463.  
Willman, C.L. & Hromas, R.A. 2006, "Genomic alterations and chromosomal aberrations 
in human cancer", Cancer medicine, vol. 8, pp. 106-111.  
Wood V, Gwilliam R, Rajandream MA, Lyne M, Lyne R, Stewart A, Sgouros J, Peat N, 
Hayles J, Baker S, Basham D, Bowman S, Brooks K, Brown D, Brown S, Chillingworth T, 
Churcher C, Collins M, Connor R, Cronin A, Davis P, Feltwell T, Fraser A, Gentles S, 
Goble A, Hamlin N, Harris D, Hidalgo J, Hodgson G, Holroyd S, Hornsby T, Howarth S, 
Huckle EJ, Hunt S, Jagels K, James K, Jones L, Jones M, Leather S, McDonald S, McLean 
J, Mooney P, Moule S, Mungall K, Murphy L, Niblett D, Odell C, Oliver K, O'Neil S, 
Pearson D, Quail MA, Rabbinowitsch E, Rutherford K, Rutter S, Saunders D, Seeger K, 
Sharp S, Skelton J, Simmonds M, Squares R, Squares S, Stevens K, Taylor K, Taylor RG, 
Tivey A, Walsh S, Warren T, Whitehead S, Woodward J, Volckaert G, Aert R, Robben J, 
Grymonprez B, Weltjens I, Vanstreels E, Rieger M, Schafer M, Muller-Auer S, Gabel C, 
Fuchs M, Dusterhoft A, Fritzc C, Holzer E, Moestl D, Hilbert H, Borzym K, Langer I, 
Beck A, Lehrach H, Reinhardt R, Pohl TM, Eger P, Zimmermann W, Wedler H, Wambutt 
R, Purnelle B, Goffeau A, Cadieu E, Dreano S, Gloux S, Lelaure V, Mottier S, Galibert F, 
Aves SJ, Xiang Z, Hunt C, Moore K, Hurst SM, Lucas M, Rochet M, Gaillardin C, Tallada 
VA, Garzon A, Thode G, Daga RR, Cruzado L, Jimenez J, Sanchez M, del Rey F, Benito 
J, Dominguez A, Revuelta JL, Moreno S, Armstrong J, Forsburg SL, Cerutti L, Lowe T, 
McCombie WR, Paulsen I, Potashkin J, Shpakovski GV, Ussery D, Barrell BG, Nurse P. 
2002. The genome sequence of Schizosaccharomyces pombe. Nature 415:871-880 
Woolcock, K.J., Stunnenberg, R., Gaidatzis, D., Hotz, H.R., Emmerth, S., Barraud, P. & 
Bühler, M. 2012, "RNAi keeps Atf1-bound stress response genes in check at nuclear 
pores", Genes & development, vol. 26, no. 7, pp. 683-692.  
173 
 
Wu, N., & Yu, H. (2012). The Smc complexes in DNA damage response. Cell Biosci, 2(5). 
  Wu, X.Q., Gu, W., Meng, X.H. & Hecht, N.B. 1997, "The RNA-binding protein, TB-RBP, 
is the mouse homologue of translin, a recombination protein associated with chromosomal 
translocations", Proceedings of the National Academy of Sciences, vol. 94, no. 11, pp. 
5640-5645. 
Wu, X.Q. & Hecht, N.B. 2000, "Mouse testis brain ribonucleic acid-binding 
protein/translin colocalizes with microtubules and is immunoprecipitated with messenger 
ribonucleic acids encoding myelin basic protein, α calmodulin kinase II, and protamines 1 
and 2", Biology of reproduction, vol. 62, no. 3, pp. 720-725.  
Wu, X.Q., Petrusz, P. & Hecht, N.B. 1999, "Testis–brain RNA-binding protein (Translin) 
is primarily expressed in neurons of the mouse brain", Brain research, vol. 819, no. 1, pp. 
174-178. 
Wyman, C. & Kanaar, R. 2006, "DNA double-strand break repair: all's well that ends 
well", Annu.Rev.Genet., vol. 40, pp. 363-383. 
Xiang, Z., Wood, V., Rajandream, M.A., Barrell, B.G., Moore, K., Hunt, C. & Aves, S.J. 
2000, "The mating‐type region of Schizosaccharomyces pombe h− S 972: sequencing and 
analysis of 69 kb including the expressed mat1 locus", Yeast, vol. 16, no. 11, pp. 1061-
1067.  
Xin, H., Liu, D., & Songyang, Z. (2008). The telosome/shelterin complex and its functions. 
Genome Biol, 9(9), 232. 
Xu, M., Medvedev, S., Yang, J. & Hecht, N.B. 2009, "MIWI-independent small RNAs 
(MSY-RNAs) bind to the RNA-binding protein, MSY2, in male germ cells", Proceedings 
of the National Academy of Sciences, vol. 106, no. 30, pp. 12371-12376.  
Yamada, T., Fischle, W., Sugiyama, T., Allis, C.D. & Grewal, S.I.S. 2005, "The nucleation 
and maintenance of heterochromatin by a histone deacetylase in fission yeast", Molecular 
cell, vol. 20, no. 2, pp. 173-185.  
Yamamoto, M. (2010). The selective elimination of messenger RNA underlies the mitosis–
meiosis switch in fission yeast. Proceedings of the Japan Academy. Series B, Physical and 
biological sciences, 86(8), 788. 
  Yamamoto, M., Imai, Y. & Watanabe, Y. 1997, "12 Mating and Sporulation in 
Schizosaccharomyces pombe", Cold Spring Harbor Monograph Archive, vol. 21, no. 0, 
pp. 1037-1106.  
Yanagida, M. 2005, "Basic mechanism of eukaryotic chromosome segregation", 
Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 360, no. 1455, 
pp. 609-621.  
174 
 
Yang, S. & Hecht, N.B. 2004, "Translin associated protein X is essential for cellular 
proliferation", FEBS letters, vol. 576, no. 1, pp. 221-225.  
Yasuhara, J.C. & Wakimoto, B.T. 2006, "Oxymoron no more: the expanding world of 
heterochromatic genes", Trends in Genetics, vol. 22, no. 6, pp. 330-338.  
Ye, X., Huang, N., Liu, Y., Paroo, Z., Huerta, C., Li, P., Chen, S., Liu, Q. & Zhang, H. 
2011, "Structure of C3PO and mechanism of human RISC activation", Nature structural & 
molecular biology, vol. 18, no. 6, pp. 650-657.  
Ye, X., & Liu, Q. (2008). Expression, purification, and analysis of recombinant Drosophila 
Dicer-1 and Dicer-2 enzymes. METHODS IN MOLECULAR BIOLOGY-CLIFTON THEN 
TOTOWA-, 442, 11. 
 
 Yeung, D. T., & Hughes, T. P. (2012). Therapeutic targeting of BCR-ABL: prognostic 
markers of response and resistance mechanism in chronic myeloid leukaemia. Critical 
reviews in oncogenesis, 17(1), 17. 
 
Yu, Z., & Hecht, N. B. (2008). The DNA/RNA-binding protein, translin, binds 
microRNA122a and increases its in vivo stability. Journal of andrology, 29(5), 572. 
  Zaratiegui, M., Castel, S.E., Irvine, D.V., Kloc, A., Ren, J., Li, F., de Castro, E., Marín, L., 
Chang, A.Y. & Goto, D. 2011, "RNAi promotes heterochromatic silencing through 
replication-coupled release of RNA Pol II", Nature, vol. 479, pp. 135-138.  
 
 
 
